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[n  insects 

incompatibilities  in  crosses  between  infected  males  and  uninfected  females; 
the  reciprocal  crosses  are  normal.  Genetically  similar  populations  of  M- 
Keidsntalis  differing  in  the  presence  of  Vhdiachia  (due  to  heat-curing  of  one 
population)  were  crossed  to  assess  the  effects  of  the  symbiont.  Wofbailiia  did 
induce  non-reciprocal  incompatibilities  in  this  parohaploid  mite,  evidenced 
by  significantly  fewer  viable  eggs,  higher  proportions  of  egg  shriveling  as 
compared  to  the  reciprocal  and  control  crosses,  and  no  or  few  female 
progeny. 

To  determine  whether  the  proportion  of  Wclhtcbfa-infected  M. 
occidenlalis  in  a polymorphic  population  would  increase  over  time  (because 
infected  females  can  reproduce  with  both  infected  and  uninfected  males), 
three  M.  oeddnlalis  populations  were  initiated  with  10%  infected  and  90% 
cured  mite.s  and  monitored  for  12  generations.  Wolfmehio  infection  did  not 
spread  rapidly  through  the  populations.  Imperfect  transmission  rates  and 
Otness  costs  were  detected,  which  may  prevent  the  rapid  spread  of  Wolbachin. 
This  suggests  Wolhachia  would  not  be  useful  as  a "drive  mechanism"  for 
inserting  useful  genes  into  field  populations  of  M.  ocddentalis. 


CHAPTER  1 
INTRODUCTION 

Historical  Sketch 

Wolbachia  bacteria  were  first  described  from  the  gonadal  tissues  of  the 
mosquito  Cuiex  pipiens  L.  in  1924  by  Hertig  and  Wolbach;  the  type  species  is 
therefore  named  Wolbtichia  pipicntis  Hertig.  Strange  reproductive 
incompatibilities  were  later  described  in  Culex  pipiens  mosquitoes  by 
Chelelovitch  and  Lavcn  (1951).  One  type  of  incompatibility  was 
nonreciptotal,  meaning  that  crosses  of  males  from  population  A with  females 
of  population  B resulted  in  normal  progeny,  but  crosses  of  males  from 
population  B with  females  from  population  A (the  reciprocal  cross)  resulted 
in  few  viable  progeny.  The  phenomenon  was  named  "cytoplasmic 
incompatibility"  (Laven  1959).  In  the  1970s  Yen  and  Barr  (1971)  first  correlated 
these  nonreciprocal,  cytoplosmic  incompatibilities  with  the  presence  of 
Woltmcbia  endosymbionts.  They  found  that  when  Wefbecfiia<infected  males 
were  treated  widt  tetracycline  (which  is  toxic  to  rickettsia-like 
microorganisms),  they  could  reproduce  successfully  with  uninfected  females. 
Because  Wolbachia's  morphological  characters  are  of  limited  value  and 
Wolbachia  are  difficult  to  culture  outside  the  host  (Weiss  and  Moulder,  19S4; 
O'Neill  tft  fl/.,  1992),  their  presence  in  other  arthropods  was  merely 


In  1992,  Wo/fmdiiii-speciflc  polymerase  chain  reaction  (PCR)  primers 
were  developed  (O'Neill  el  qI.,  1992).  These  primers  were  designed  to  be 
specific  to  Wolbachia,  while  at  the  same  time  general  enough  to  amplify 
iVeifutdire  16S  ribosomal  DNA  from  various  insects.  Reproductive  anomalies 
associated  with  the  presence  of  an  unknown  rickettsia  could  now  be 
correlated  with  the  presence  of  Wolbachia.  For  example,  Wolbachia  infecbon 
was  confirmed  in  some  California  populations  of  Drosophila  simulans 
Sturtevpnt  (O'Neill  el  ai,  1992),  This  symbiont  was  previously  suspected  to  be 
the  causative  agent  of  nomeciprocal  reproductive  incompatibilities  between 
geographical  populations  of  this  insect  (Hoffmann  el  al,  1966).  Because 
uninfected  females  are  reproductively  incompatible  with  infected  males,  and 
infected  females  can  reproduce  successfully  with  infected  and  uninfected 
males,  infected  females  lend  to  have  a reproductive  advantage  in 
polymorphic  populations  (Caspar!  and  Watson,  1959;  Turelli  and  Hoffmann, 

1991) .  fn  fact,  the  D.  sittiufans  Wolbachia  infection  has  spread  within  and 
among  California  populations  (Turelli  and  Hoffmann,  1991;  Turelli  el  al., 

1992)  since  it  was  first  documented  in  1986  (Hoffmarm  els/.,  1986).  The 
increased  proportion  of  infected  individuals  is  presumably  due  to  the 
reproducHve  advantage  afforded  to  infected  females  (Turelli  and  Hoffmann, 
1991).  Several  parameters  determine  the  abiiitv  of  Wolbachia  to  spread 
through  a population,  including  the  stability  of  infection  as  a function  of 
matemaJ  transmission  frequency,  fitness  costs  associated  with  infection,  and 
the  strength  of  incompatibility  (Hoffmann  cl  al.,  1990;  Turelli  ef  al.,  1992; 

Clancy  and  Hoffmann,  1997). 


Efforts  are  under  way  to  genetically  engineer  insects'  mutualistic 
endosymbionts  to  be  refractory  to  disease  agents  like  those  causing  malaria  or 
Chagas'  disease  (Beard  ef  al,,  1993).  These  transformed  arthropods  need  a way 
to  replace  the  wUd'type  insects  already  present  in  the  held  population.  The 
ability  of  IVolbaclirfl  to  spread  through  a population,  as  documented  in  D. 
simulans,  could  be  harnessed  as  mechanism  to  help  dKve  a genetically  altered 
symbiont  through  a population  if  it  "hitchhikes"  with  the  VVoi&flch/a-infected 
cytoplasm  (Caspar!  and  Watson,  1959;  Beard  cf  si.,  1993). 


WoIbacUtn  Biology 

A fuller  understanding  of  VVoifeac/iin  biology  is  necessary  before  it  can 
be  used  successfuUy  as  a drive  mechanism  (Werren,  1997).  What  is  known 
about  these  endosymbionts  is  that  they  are  intracellular,  rickettsial-like 
endosymbionts  in  the  alpha-subdivision  of  the  proteobacteria  (purple 
bacteria)  (for  a review  of  the  biology  of  this  symbiont  and  the  diversity  of 
hosts  it  infects,  see  Werren,  1997),  VJolbachiu  are  trarismitted  through  the  egg 
cytoplasm,  therefore  transmitted  solely  by  females.  There  was,  however,  one 
reported  case  of  male  transmission  in  laboratory  populaKons  of  D.  simulans 
(Hoffmann  and  TureJIi,  1985).  VJolbachia  ore  sensitive  to  high  temperatures 
(Stevens,  I9S9;  Stouthamer  et  al.,  1990;  Girin  and  BouJetreau,  1995;  Louis  rf  at., 
1993),  and  the  antibiotics  rifampin  and  tetracycline  (Stoutliamer  el  at.,  1990a). 
The  only  success  to  date  in  culturing  them  outside  the  host  has  been  in  an 
Aedes  albopklus  (Skuse)  cell  line  (O'Neill  elol.,  1995). 


Because  they  cannol  be  studied  using  traditional  mictobioiugical 
techniques  (Weiss  and  Moulder,  19S4),  the  PCR  and  DNA  sequencing  has 
provided  a major  breakthrough  in  their  study  (CNeili  el  «l„  1992;  Breeuwer  el 
oi,,  1992;  Rousset  el  ai,  1992a;  Stouthamcr  H fll.,  1993).  The  PCR  allows  the 
amplihcation  of  a specific  region  of  Wo/6ocliia  DNA  more  than  a million-fold. 
The  presence  or  absence  of  the  symbiont  then  can  be  determined  by  visual 
detection  of  the  espected  size  fragment  of  DNA  in  an  ethidium  bromide- 
stained  agarose  gel  under  UV  light.  This  amplificahon  also  yields  ample 
DNA  for  sequencing  and  further  description  and  characterization.  DNA 
sequence  analyses  indicate  a lack  of  concordance  between  the  phylogenies  of 
the  symbiont  and  of  the  hosts,  suggesting  this  symbiont  might  sometimes  be 
troasmilted  horizontally  from  species  to  species  (Roussel  cl  aK,  1992a;  O'Neill 
trial..  1992).  Recent  studies  using  the  PCR  determined  that  16%  of  all  insect 
species  examined  are  infected  with  Woltucfila  (Werren  etof..  1995a). 

The  effects  of  Wolbachia,  for  example  the  nonreciprocal  reproductive 
incompaKbilities  detected  in  C.  pipiens  and  D.  sfimr/ans.  are  influenced  by 
several  factors.  The  strain  of  Wolbnchia  is  important;  some  strains  have  been 
demonstrated  to  cause  no  reproductive  alterations  (Giordano  el  of.,  1995).  The 
phenotype  of  Weftwcliio-mediated  reproductive  alterations  also  depends  on 
the  taxonomic  status  of  the  affected  arthropod  (Insecta,  Arachnida,  Isopoda) 
(see  Werren,  1997),  as  well  as  the  genetic  system  of  the  arthropod,  it  is 
important  to  consider  arthropod  genetic  systems  in  order  to  better  appreciate 
the  diversity  of  WolbacMa's  effects  on  reproduction. 

Diplo-dlploid  arthropods  produce  both  sexes  from  fertilized  eggs, 
each  sex  carnring  both  the  malemal  and  paternal  sets  of  chromosomes 


Ihtoughout  their  lives.  In  hapla-diploid  arthropods,  female  progeny  arise 
from  fertilized  eggs  and  arc  diploid,  but  the  maie  progeny  arise  from 
unfertilized  eggs  and  are  haploid,  carrying  only  the  rrtatemal  set  of 
chromosomes,  Thelytoky  is  a genetic  system  in  which  virgin  females  produce 
diploid  daughters  parthcnogcnetically,  rarely  producing  males,  in  a 
parahaploid  genehc  system,  both  sexes  initially  arise  from  fertilized  (diploid) 
eggs,  with  both  sels  of  chromosomes.  However,  one  chromosome  set  is 
subsequently  lost  in  males,  and  the  adult  male  is  haploid,  producing  sperm 
by  a mitotic  process. 

When  males  of  infected  diplo*diploids  mate  with  females  lacking 
Walbactiia,  the  paterrtal  chromosome  set  becomes  abnormal  in  the  fertilized 
egg  (Kose  and  Karr.  1995;  O'Neill  and  Karr,  1990),  resulting  in  the  death  of 
both  male  and  female  progeny  (Hoffmann  et  ai,  1986;  Hsiao  and  Hsiao,  1985). 
The  reciprocal  cross  is  normal.  Although  the  molecular  mechanism  of  this 
incompatibility  is  not  yet  fully  understood,  it  is  speculated  that  Wolbochia 
somehow  "imprints"  or  "modifies"  the  paternal  set  of  chromosomes  (Werren, 
1997).  If  Wolbucbh  is  present  in  the  egg  cytoplasm,  it  can  "rescue"  the  paternal 
chromosomes  so  that  they  remain  normal  and  produce  the  normal  diploid 
sons  and  daughters.  If  no  WoIbocUia  is  present,  there  is  no  "rescue"  and  those 
paternal  chromosome  set  becomes  abnormal,  leading  to  embryonic  death. 

This  same  mechanism  may  occur  in  haplo-dipluid  insects,  but  with 
different  consequences.  When  infected  haploid  males  mate  with  uninfected 
diploid  females,  the  male  (haploid)  progeny  remain  normal,  but  the 
normally  diploid  female  embryos  become  hapioid  due  to  abnormalities  in 
the  paternal  set  of  chromosomes  (Ryan  and  Saul,  1968;  Reed  and  Werren, 


199S).  The  resulting  phenotype  of  IVelhitr/he-mediated  incompatibilities  in 
hapio-diploid  species  is  a strongly  male-biased  sex  ratio  because  ol  the  loss  of 
female  progeny.  The  haploid  female  embryos  may  die,  as  In  some  strains  of 
the  two-spotted  spider  mite  Telronyriins  urlicae  Koch  (Chelicerata:  Arachnida) 
(Vala  and  Breeuwen  1996),  or  the  haploid  female  embryos  can  become  males 
thereby  increasing  the  total  number  of  expected  males,  as  In  Ihe  jewel  wasp 
Nasonia  oilripemtis  Walker  (Mandibulala:  Insects)  (Brecuwer  and  Werren,  1990; 
Ryan  and  Saul,  1968). 

Wotbcichie  also  can  cause  bidirectional  incompatibility  in  diplo-diploid 
species  (O'Neill  and  Karr,  1990)  and  hapio-diploid  species  (Ferrol-Minot  ft 
al.,  1996).  In  this  situation,  two  populations  apparently  host  two  different 
Waflutcfi/a  strains.  The  result  is  reciprocal  incompatibility,  where  both 
interpopulation  crosses  are  incompatible. 

Wefbacfiia  induces  thelytoky  in  some  hymenopteran  species,  such  as 
TridiDgramma  (Stoulhamer  eta/.,  1990b)  and  Apfci/ds  (Zchori-Fein  el  a/-.  1995). 
Woiboehia  allows  these  females  to  produce  diploid  daughters 
parthenogenelically  by  causing  what  is  termed  by  Stouthamer  and  Kazmer 
(1994)  as  “gamete  duplication“  early  in  the  first  mitotic  division.  This 
phenomenon  Is  probably  described  more  accurately  as  duplication  of  the 
chromosomes  in  Ihe  oocyte. 

Wolbachia  causes  a typical  diplo-diploid  incompatibility  phenotype  in 
some  isopuds  (Roussel  rt  al.,  1992b),  as  well  as  an  unusual  phenotype  in  the 
species  Armadillium  uiilgarv  Latr.  in  this  species,  Wolbachia  suppresses  the 
androgenic  gland  in  genetically  male  individuals,  causing  these  male  isopods 
to  become  functional  females  (Rigaud  eta!.,  1991).  It  is  likely  that,  with  the 


diversity  of  Wolbachia's  effects  on  the  arthropod  ta:ca  and  genetic  systems 
described  to  date,  there  may  be  more  Weibecfne-mediated  reproductive 
anomalies  remaining  to  be  described. 

Wal6ac/iia  may  have  other  important  ecological  and  evolutionary 
effects.  IVefbsclrfe-medjated  reproductive  isolation  may  be  one  mechanism 
that  could  allow  aympatric  speciation  to  occur  (Laven,  1959;  Werten.  1997). 
Wolbnchin  alters  sex  ratios  and  progeny  survival  and,  as  a consequence,  may 
affect  laboratory  experiments  and  insect  management  in  field  programs.  For 
example,  incompatibilities  may  interfere  with  cnasses  conducted  during 
hybridization  studies,  one  method  of  determining  species  designations  In 
some  insects  and  phyloseiid  miles  (Croft,  1970;  McMurtry  « a/.,  1976; 
McMurtry,  1960;  McMurtry  and  Badii,  1989).  Studies  on  the  mode  of 
inheritance  of  pesticide  resistance  have  been  affected  by  cross 
incompalibiUties  (Hoy  arid  Knop,  1981;  Hoy  and  Slandow,  1982).  Wolbachia 
infection  may  have  implications  for  mass  rearing  projects,  especially  if  the 
bacteria  have  an  influence  on  the  quality  of  the  natural  enemies  (Steiner,  1993) 
or  affect  the  rale  of  population  increase  of  the  individuals  being  rested. 

Wofbecljra  in  the  Predatory  Mite,  Metnseiulus  ocddentalis 

The  western  predatory  mile  Meteeiu/iis  (=ryp)i/cifromi<s  or 
Coleiidromus)  occrdfntaUs  (Nesbitt)  is  a useful  natural  enemy  of  Tetranyehus 
species,  including  the  Iwo  spoiled  spider  mile,  Tetranyehus  urficae.  This 
predatory  mile  ia  used  as  a biological  control  agent  in  various  crops  in  the 
western  United  Slates  (Hoyt,  1969,  Hoyt  and  Caltagirone,  1971),  including 


apples  (Hoyl,  1969;  Hoyt  and  Callagirone,  1971),  peaches  (Hoyt  and 
Callagirone,  1971),  grapes  (Flaherty  and  Huffaker,  1970),  and  almonds  (Hoy. 
19S5).  Figure  1*1  shows  an  adult  M.  occidenlalis  feeding  on  an  adult  T.  iirticar. 
For  lists  of  references  on  M.  Kcidenfalh  and  other  phytoseiids,  see  Hoy  (1982) 
and  Kostlainen  and  Hoy  (1996). 

The  effectiveness  of  M.  ocadmlalis  can  be  negatively  affected  by 
chemical  sprays  used  to  control  insect  pests  occurring  within  the  same 
agricultural  ecosystem.  Gertetically  improved  strairrs  of  this  predator  that  are 
resistant  to  various  chemical  pesticides  have  been  developed  (reviewed  by 
Hoy,  1985)  and  utilized  as  part  of  integrated  pest  management  programs  to 
control  spider  mites  (Hoy  el  al.,  1982),  already  resistant  to  many  of  these 
chemicals.  In  addition,  efforts  are  under  way  to  develop  recombinant  DNA 
techniques  to  further  improve  these  and  other  natural  enemies  for  use  in 
agriculture  (Presrtail  and  Hoy,  1992). 

Details  about  the  biology,  behavior,  ecology,  and  genetics  of  M. 
oecidenlalh  hove  been  and  remain  important  to  better  understand  and  improve 
this  predator  as  a biological  control  agent  in  agriculture  (Hoy,  1985).  Of 
particular  interest  are  biological  characteristics  which  affect  their  rate  of 
population  increase  in  the  field  and  in  the  rearing  laboratory  (Sabelis,  1985). 
Studies  on  the  genetic  system,  mating  behavior,  sex  ratio,  and  reproductive 
incompatibilities  of  M.  occideiitalis  have  yielded  a great  deal  of  information  on 
the  reproductive  biology  of  these  predators,  white  at  the  same  time  have 
raised  several  interesting  questions. 

Studies  on  the  reproductive  biology  of  the  phytoseiids  Phyto^eiutus 
persimilis  Athias-Henriol  (Helle  el  a/.,  1978),  Ambli/seius  bibiens  Blommers 


(Helle  f(  al.,  1978),  and  M.  occidinlalie  (Hoy,  1979)  revealed  their  unique  genetic 
system  called  parahaploidy  (also  referred  to  as  "pseudo-arrhertotoky"  by 
Schulten  (1985)  to  distinguish  it  from  the  similar  system  found  in  insects). 

Hoy  (1979)  found  that  In  studies  in  which  X-irradiated  males  were  mated  with 
unirradiated  femates,  only  sons  were  produced.  Any  sons  produced  were 
low  in  number  and  sterile,  suggesting  these  males  are  derived  from  fertilized 
eggs,  beginning  life  as  a diploid,  and  later  losing  half  of  their  chromosome  set 
sometime  during  embryonic  development  (Hoy,  1979).  Nelson-Rees  tl  nl. 
(1980)  demonstrated  cytologically  that  both  male  and  female  M.  ocddenlaiis 
are  diploid  al  the  beginning  of  embryonic  development,  but  at  the  onset  of 
the  reductlonal  division  24-48  hours  after  egg  deposition,  one  of  the  sets 
becomes  heterochromatinized  and  excluded  from  the  nucleus.  Studies  on  the 
inheritance  of  pesticide  resistance  in  P.  persimilii  by  Helle  el  al.  (1978)  and  in 
M.  occidenialit^  by  Hov  and  Standow  (1982)  and  Roush  and  Plapp  (1982) 
suggest  the  paternal  set  of  chromosomes  is  lost,  although  recent  use  of  RAPD- 
PCR  DNA  markers  suggests  that  some  of  the  paternal  genome  may  be 
retained  in  males  of  the  phytoselld  Tifphhjdromus  p^ri  Scheuten  (Perrot- 
Minnot  and  Navajas,  1995).  More  data  are  needed  to  verify  whether  this  is 
true  and  to  further  clarify  the  mechanism  of  parahaploldy  in  titese  and  other 
phyloseiids. 

Sex  allocation  and  the  resultant  sex  ratios  of  phyloseiids  have  practical 
consequences  for  biological  control  and  associated  mass  rearing  pmjecls 
(Sabelis,  1985).  Amano  and  Chant  (1978)  suggest  there  is  a characteristic  sex 
ratio  between  50  and  100  percent  females  for  each  phyloseiid  species.  These 
sex  ratios  differ  between  the  species  but  are  fairly  consistent  wiihm  species 
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(Sabelis,  1981).  This  consislency  has  been  contradicled  by  others,  who  have 
reported  intraspecific  variation  in  sevenii  species.  Croft  (1970)  detected  see 
ratio  differences  in  the  colorues  and  differences  in  crosses  between  colonies  of 
M.  occicientalis  from  Utah,  California  and  Washington.  Roush  and  Hoy  (1981) 
found  that  a carbaryi  resistant  strain  of  M.  occidentalis  crcissed  with  a 
susceptible  colony  produced  progeny  with  sex  ratios  different  from  those  of 
each  strain  mated  uiferse.  The  resistant  strain  had  a higher  sex  ratio  (more 
females)  than  the  susceptibie.  McMurtry  et  aJ.  (1976)  found  that  the  sex  ratio 
varied  in  reciprocai  crosses  of  geographical  races  of  Amblyseius  polenlillae 
Carman.  Variation  m sex  ratios  of  different  geographical  populations  and 
colonies  suggests  a genetic  component  to  sex  ratio  (Hoy,  1982).  There  have 
been  correlations  also  between  temperature  and  sex  ratio  (Dyer  and  Swift, 
1979;  Tanigoshi  ct  a/.,  1975),  relative  humidity  and  sex  ratio  (Dyer  and  Swift, 
1979),  starvation  and  sex  ratio  (Tanigoshi  ef  nl.,  1975),  and  mating  duration  and 
sex  ratio  (Schulten  etai.  1978;  Elbadry  and  Elbenhawy,  1968;  Amano  and 
Chant,  1978). 

There  also  have  been  reports  of  partial  reproductive  incompatibilities 
between  strains  of  the  same  phytoseiid  species.  Associated  with  these 
reproductive  incompatibilities  were  shriveled  eggs,  low  numbers  of  eggs, 
low  survival  of  immature  stages,  and  reduced  fecundity  in  surviving  Fi 
individuals  (Crofl,  1970;  Hoy  and  Knop,  1981;  Hoy  and  Standow,  1982;  Hoy 
and  Cave,  1988).  Croft  (1970)  detected  reciprocal  reproductive 
incorapatibllilics  (females  from  both  of  the  two  populations  being  crossed  are 
incompatible  with  males  from  the  different  population)  and  nonreciprocal 
reproductive  incompallbililies  (females  from  only  one  of  the  two  populations 


being  crossed  are  incompatible  with  males  from  the  other  population)  In 
crosses  of  M.  acddentalis  from  California,  Utah,  and  Washington.  When  Hoy 
and  Knop  f1981)  crossed  a laboratory  selected  permethnn  resistant  strain  of 
M.  accidenfafis  with  its  original  base  colony,  few  eggs  were  produced  and 
marry  were  shriveled  and  failed  to  develop  in  one  cross  while  the  reciprocal 
cross  was  compatible.  They  also  found  that  a partially  permethrin  resistant 
strain  was  noruvciprocally  incompatible  with  its  base  colony  after  only  one 
year  of  laboratory  selections.  Similar  nonreciprocal  reproductive 
incompatibilities  were  found  in  crosses  with  sulfur*resi.stant  M.  oeddentoiis 
(Hoy  and  Standow,  1982).  In  a later  study.  Hoy  and  Cave  (1988)  delected 
nonreciprocal  partial  reproductive  Incompatibilities  between  five  other 
colonies  of  M.  occidenlaht.  Other  examples  of  nonreciprocal  incompatibilities 
in  phytoseiids  were  found  in  TyphlodromiisannKUns  DeLeon  (McMurtry  and 
Badii,  1989)  and  in  two  populations  of  A'nblpsdus  itddoftisis  van  der  Merwe 
and  Ryke  from  South  Africa  (McMurtry,  1980). 

The  cause  of  the  nonreciprocal  reproductive  incompatibilities  was 
unknown  in  these  phytoseiids.  They  were  somewhat  similar  to  the 
nonreciprocal  incompatibilities  previously  described  in  the  mosquito  C. 
pipiens  L.  (Ghelelovitch,  1952;  Laven,  1951),  determined  to  have  a cytoplasmic 
inheritance  pattern  (Laven,  1959).  A cytoplasmic  inheritance  pattern  is 
suspected  when  the  nuclear  genetic  makeup  of  the  hybrids  is  virtually  the 
same,  but  the  main  difference  is  which  mother's  cytoplasm  is  present.  An 
intracellular  rickettsla'like  microorganism  was  found  by  Hess  and  Hoy  (1982) 
in  M.  KoideniaUs  eggs  and  ovaries  through  light  and  electron  microscopy 
This  observation,  along  with  the  nonreciprocal  nature  of  the  incompatiblities. 
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led  Hcpy  and  Cave  (1988)  to  speculate  that  a cytoplasmic  factor  may  be 
resportslble  for  the  observed  reproductive  aberrations  seen  in  M.  occidentalis, 
perhaps  due  to  the  presence  of  WoUnKhis. 

I decided  to  investigate  Wolbacliin  in  M.  occidentalh  because  of  this 
predator's  importance  as  a biological  control  agent,  because  it  has  a genetic 
system  that  has  not  yet  been  studied  in  relahon  to  Weffwcfiffl-medialed 
incompatibilities,  and  because  of  the  potential  to  use  Walbachia  as  a drive 
mechanism  in  gertetic  improvement  programs.  In  addition,  this  mite  has  been 
used  as  a model  organism  in  past  experimental  ecological  simulations,  due  to 
its  rapid  generation  lime  and  ease  of  rearing  (Huffaker,  1958). 

The  first  goal  was  to  determine  whether  Wolbacbia  was  present  in  M. 
occidenlaUs  (Chapter  2).  The  PCR  was  used  to  detect  Ihb  endosymbiont  in 
various  laboratory  and  field  populations  of  M.  iKddentaJis  and  its  prey  T. 
urticK.  The  amplified  16S  rDNA  was  sequenced  and  comparisons  were  made 
berween  the  tVo/bocfiia  sequences  found  in  both  predator  and  prey  miles  and 
the  IVsfbacfiia  sequences  from  vanous  insects.  The  8nal  goal  of  Chapter  2 was 
to  determine  whether  starvation  could  eliminate  false  positive  PCR  signals  in 
predators  fed  on  Wolbncftra-infected  prey. 

Wolbadiitt  16S  tibosomal  DNA  sequences  from  M.  occidentalis  and  7. 
itrttcflc  were  highly  similar  (Chapter  2).  PCR  primers  have  recently  become 
available  that  amplify  other  WolbKhia  genes,  such  as  the  JtsZ  gene  and  the 
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surface  prolein  gene.  Altempls  were  made  lo  further  characterize  Wolbatha 
in  M.  tKcidcnfnhs  and  T.  urticae  hy  using  these  genes  (Chapter  3). 

Once  Wolbachin  were  identified,  correlatiuns  between  the  presence  of 
Wolbadiia  and  their  influence  on  reproduction  in  Af.  xcidenlalis  were 
investigated  (Chapter  4).  Genetically  similar  inbred  lirtes,  differing  oniy  in 
the  presence  or  absence  of  Wolbachia,  were  crossed  and  evaiuated  to 
determine  whether  this  symbiont  is  associated  with  nonreciprocai 
reproductive  incompatibilibes  in  crosses  between  infected  males  and  heat- 
cured  females.  The  incompatibility  phenotype  would  be  a useful  model  of 
Walbac/ira-induced  reproductive  alterations  in  □ parahapioid  arthropod. 

To  determine  whether  WalhacliiVt  could  spread  through  a poiymorphic 
population  due  to  the  reproductive  advantage  afforded  to  infected  females, 
laboratory  populations  initiated  with  10%  infected  and  90%  uninfected  eggs 
weie  monitored  for  12  generations.  The  stability  of  irtfection  was  also  assessed 
by  analysis  of  the  control  populations  (Chapter  5]. 

Chapter  6 provides  a general  discussion  of  the  results  of  my  research.  I 
will  address  what  1 have  learned  about  Wolbachin,  some  implications  of  the 
results,  and  potenKal  directions  of  future  research. 


Fl^re  I'l.  An  adult  female  western  orchard  predatory  mite, 
Metauiufiis  eccidanta/ia,  is  pictured  on  the  right,  feeding  on  an  adult  twO' 
spotted  spider  mite,  Tetninyrin/s  urficee. 


CHAPTER  2 

16S  RIBOSOMAL  DNA  ANALYSIS  OF  WOLBACHM  FROM  TWO 
PHYTOSEIIDS  (ACARI:  PHYTOSEIIDAE)  AND  THEIR  PREY  (ACARI: 
TETRANYCHIDAE) 

Introduction 

Wolbachts  ore  rickettsio-like  microorganisms  in  the  alpha  subdivision  ol 
the  proteobacteria,  which  are  intracellular,  maternally  inherited,  and  found  in 
the  gonadal  tissues  of  some  insects.  They  were  detected  originally  in  the 
northern  house  mosquito,  Culex  pipiens  L.  (Hertig,  1936;  Yen  and  Barr,  1971); 
the  type  species  is  named  Wvlbticbiii  pipienlis  Hertig.  Wolbachia  has  been 
reported  to  have  negative  (Stevens  and  Wade,  1990;  Horjus  and  Stouthamer, 
1995),  aero  (Moron  and  Bauman,  1994;  Poinsot  and  Mer^ot,  1997),  or  positive 
(Wade  and  Chang,  1993)  effects  on  host  fitness,  so  it  remains  unresolved 
whether  Wolbachw  symbionts  are  mutualists  or  parasites. 

Wolbitchia  are  associated  with  unidirectional  and  bidirectional 
intraspecific  mating  incompatibilities  in  many  insects  (Yen  and  Barr,  1973; 
O'Neill  and  Karr,  1990;  Breeuwer  and  Werten,  1990)  and  thelytoky  in  some 
parthcnogenetic  insects  (Stouthamer  el  a/.,  1993).  Infected  females  may  have  a 
reproductive  advantage  when  other  females  in  the  population  are  not 
infected.  Females  with  Weflwchfe  can  produce  viable  progeny  when  mating 
with  both  infected  and  uninfected  males.  Uninfected  females  are  partially 
incompatible  with  infected  males  and  therefore  produce  fewer  progeny  than 
females  infected  with  the  same  strain  of  Wolbachia.  which  can  lead  to  the 


eliminalion  of  uninfected  individuals  in  the  population  ' 


Bidirectional  mating  incompatibilities  caused  by  Weifuchfa  infections  may 
play  a role  in  the  sympalric  speclation  of  arthropods  through  reproductive 
isolation  (Laven,  1959). 

The  polymerase  chain  reaction  (PCR)  can  be  used  to  detect  IVefbacliui  in 
insects  when  specific  oligonucleotide  sequences  (primers)  complementary  to 
a portion  of  Wolbachm  16S  ribosomal  DNA  (rDNA)  are  used  (O'Neill  elol., 
1992).  Visual  detection  of  these  ampURed  fragments  can  be  made  after  gel 
electrophoresis  and  staining  with  ethidium  bromide.  The  PCR  products  can 
be  sequertced  to  confirm  the  identity  and  phylogenetic  placement  of  the 
DNA.  Often,  16S  ribosomal  DNA  sequences  are  used  to  reconstruct  bacterial 
phylogcnies  because  they  are  highly  conserved  in  prokaryotes  (Woese,  1967). 
WaliMrlitn  16S  rDNA  sequences  from  various  insect  ordeis  are  available 
through  the  CenBank  and  European  Molecular  Biology  Laboratories  (EMBL) 
databases,  including  those  from  the  Diptcra  (O'Neill  etal.,  1992;  Rousset  er  a/., 
1992a),  Kymenoptera  (Bteeuwer  et  al.  1992:  Slouthamer  etai,  1993), 
Coleoplera,  and  Lepidoptera  (O'Neill  el  at..  1992). 

The  predatory  mile  Metasefufus  i=Typhh^romus  or  Galendromus) 
occiifa/ilafis  (Nesbitt)  (Acari;  Phyloseiidae)  is  a natural  enemy  of  spider  mites, 
including  the  two  spotted  spider  mile,  Teirajiychus  urticae  Koch.  M. 

Kcidfntaiis  is  used  as  a biological  control  agent  in  a variety  of  crops  in  the 
western  United  States  (Hoyt,  1969;  Hoyt  and  Caltagirone,  1971).  Previous 
studies  have  been  conducted  on  the  cytogenetics  of  M.  occidmtaUs  (Nelson- 
Reeseta/.,  1980),  and  on  rtekelUia-Uke  microorganisms  (Hess  and  Hoy,  1982), 
which  were  found  in  eggs  and  ovaries  of  M.  occidmialis.  Furthermore, 
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obsorvations  of  nonreciprocal  partial  reproductive  incompatibilities  between 
certain  populations  (Croft,  1970;  Hoy  and  Knop,  1981:  Hoy  and  Standow,  1982; 
Hoy  and  Cave,  1986)  suggested  the  possibility  of  infection  by  Wolbachia. 
Previous  studies  (e.  g.,  Ovetmeer  and  van  Zon  1976;  deBoer  1982)  have  also 
demonstrated  that  cytoplasmic  incompatibilities  occur  in  the  two  spotted 
spider  mite,  suggestive  of  Wolbadm  infection. 

One  difficulty  in  detecting  and  subsequently  sequencing  IVeibadua 
DNA  in  M.  occiilvnlalis  is  that  their  prey  could  also  contain  Wolbicliia.  The 
pollen-feeding  phytoseiid  Amblystius  reductiis  Wainstein  is  not  infected  with 
Wolbadiia  (unpublished  data)  and  therefore  can  be  used  to  test  whether  false 
positive  PCR  signals  caused  by  transient  gut  contents  could  be  eliminated 
methodologically. 

The  goals  of  this  study  were  to  1}  conduct  a survey  by  using  the  PCR  to 
detect  the  presence  of  Wolbaehia  in  several  predator  and  prey  populations, 

2)  determine  whether  the  otherwise  Wolbachia‘(Ke  predator  A.  rvductus 
becomes  positive  for  Wjflwciiin  as  determined  by  the  PCR  after  feeding  on 
prey  containing  Wolbachia,  3)  evaluate  starvation  as  a method  for  eliminating 
false  positive  PCR  signals  in  IVoffucftia-free  predators  fed  prey  containing 
Wolbneliia,  and  4)  to  use  parsimony  analysis  to  compare  the  16S  rDNA 
sequences  obtained  to  the  WollHichui  sequences  from  various  irtsects  to 
confirm  the  identity  of  the  DNA  as  Wolbac/iia  16S  rDNA. 


MaleriaJs  and  Methods 


Colony  Sources  and  Maintenance 

A series  of  seven  laboratory  colonies  (Table  2'1)  of  Metaseiulus 
occidentods  {COS,  Russian  Select,  Supermite,  Hybrid  Select,  Ave-2i,  Ihjilman 
Blackberry,  WA  Select)  maintained  at  the  University  of  Florida  and  reared  as 
previously  described  (Roush  and  Hoy,  1981;  Hoy  at  al.,  1982)  were  surveyed 
for  the  presence  of  tVelbaclifa  by  the  PCR.  One  Al.  occidMtalis  laboratory 
colony  from  Oregon  and  one  insectary  colony  from  California  were  sampled 
immediately  after  they  were  received.  Field-collected  M.  ocodenlalis  from 
Washington  apples  and  their  prey,  European  red  mite,  Penonyc/ius  ulmi 
(Koch),  were  collected  and  subsequently  reared  on  detached  apple  leaves  in 
our  laboratory  for  use  in  the  PCR  survey.  The  A.  rediuliis  used  in  the  time 
course  study  were  reared  in  the  laboratory  on  a diet  of  cattail,  Typha  latifolia  L. 
pollen,  but  will  eat  the  two  spotted  spider  mite,  Tetranyehus  urikae  if 
provided.  A colony  of  two  spotted  spider  miles  was  raised  on  pinto  bean, 
PhasecUis  vulgaris  L.,  plants  in  a greenhouse  at  the  University  of  Florida- 
Gairtesville  and  later  used  in  the  PCR  survey.  T.  itrftcae  were  also  obtained 
from  a laboratory  colony  in  Oregon,  a laboratory  colony  from  Ohio,  and  an 
inseclary  in  California.  A populahon  of  T.  urUcai  and  of  the  strawberry 
spider  mile,  T.  lurktslani  Ugarov  and  Nikolski  were  collected  from  a field  of 
cotbon  In  California.  The  T.  urlicar  and  T.  Iiirkeslani  obtained  from  other 
sources  were  maintained  on  detached  bean  leaves  In  the  laboratory. 
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DNA  Extraction 

All  predators  ivere  starved  between  4 and  S h prior  to  DNA  extractions, 
and  mites  from  the  newly  acquired  predatory  mite  colonies  were  tested 
before  feeding  on  T.  urticoe  from  our  laboratory.  DNA  from  the  Russian 
Select  adult  female  M.  occideiita/is  and  the  male  T.  urticoc  used  for  the  PCR  and 
subsequent  direct  sequencing  was  extracted  by  a modified  version  of  the 
technique  reported  by  Edwards  and  Hoy  (1993).  Fresh,  not  frozen,  individual 
and  pooled  adults  (5  mites)  were  macerated  in  50  )il  of  a 5%  Chelex  (Bio-Rad, 
Hercules,  CA)  solution,  heated  to  S6°C  for  30  min  (instead  of  15  min),  then  to 
95“C  (instead  of  100^)  for  8 min.  The  samples  were  centrifuged  briefly  and 
stored  at  -20'  C before  the  PCR. 

Some  inconsistencies  in  results  were  noticed  by  using  the  Chelex 
method,  so  the  DNA  from  the  eggs  of  COS  A4.  otddentalis  used  for  sequencing, 
as  well  as  the  DNA  used  for  all  other  PCR  surveys  and  experiments,  was 
extracted  as  follows:  DNA  from  eggs  and  adults  was  extracted  by  macerating 
5 adult  mites  or  60  eggs  in  25  pi  of  STE  buffer  (100  mM  NaCI,  10  mM  Tris,  1 
mM  EDTA  pH  = 8.0)  and  1 ml  of  proteinase  K (10  mg/ml)  (O'Neill  cf  of.,  1992). 
Samples  were  macerated  with  a new  glass  pestle  for  each  sample  in  a 1.5-ml 
Eppendorf  tube.  Pestles  were  made  by  flaming  the  tip  of  a pasteur  pipette 
and  bending  it  slightly  to  form  a rounded  end.  The  preparation  was  heated  to 
95*C  for  8 min,  briefly  centrifuged,  and  used  immediately  for  ihe  PCR 


AU  reactions  were  run  with  the  following  conditiorts;  50  mM  KC),  10 
mM  Tris  HCI,  2.5  mM  MgCI„  0.2  gM  each  primer,  200  pM  each  dNTP,  and  0.8 
units  of  Toij  in  a total  volume  of  25  pi.  The  initial  165  rDNA  primers  were 
provided  by  S.  O'Neill  (O'Neill  etai,  1992),  and  subsequent  primers  were 
synthesized  by  the  University  of  Florida  DNA  Syrtthesis  Laboratory.  The 
primers  correspond  to  £.  cafi  positions  76*99  forward  (5*- 
TTGTACCCTCCTATGGTATAACT)  and  1012-994  reverse  (5- 
GAATAGGTATGAi  1 1 tCATGT),  and  produce  a PCR  product  of  " 900  bp. 
Reachons  were  cycled  40  limes  at  94'C  for  30  s,  50°C  for  30  s,  and  72“C  for  45  s 
followed  by  a 4 min  extension  period.  The  amount  of  template  used  varied 
according  to  species  and  life  stage,  but  was  usually  5 pi.  Reagent  negative 
controls  were  included  in  the  reactions.  Positive  controls  were  Drasophila 
simulam  Sturtevani  DNA  (supplied  by  R.  Giordano,  University  of  Illinois, 
Urbana)  or  dilutions  of  previously  amplified  ONA  from  M.  oecidenlalis  with 
Woiiuicfiifl-specific  primers.  The  camel's-halr  brush  used  to  transfer  the  miles, 
the  pinto  bean  leaves  and  nsots,  and  the  debris  (exuviae,  dead  spider  mites]  in 
the  predator  colonies  were  tested  by  PCR  for  contaminating  Walbachia  DNA. 
PCR  products  were  electrophoresed  in  a 15%  agarose  gel  in  TBE/EtBr  for  90 
min  at  60  mV,  then  photographed  on  a UV  transilluminator. 

Effects  of  Feeding  Predators  With  WrtibncfriO'Positive  Prey 

A study  was  done  to  determine  whether  the  otherwise  Wo/(ioc)iin*free  A. 
mrliiclus  would  become  positive  for  Wolbachia  by  the  PCR  after  feeding  on  T. 
arlicae  containing  Wolbacliia,  or  whether  the  positive  PCR  signal  seen  from 
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adult  female  M.  occidentalis  would  disappear  when  removed  from  a T.  iirlicm 
food  source.  Adult  females  of  both  species  were  fed  a diet  of  T.  urtfeae  for  at 
leasts  d and  later  placed  in  an  arena  without  prey.  The  predators  were  then 
killed  0,  4,  S,  16, 24,  and  48  h later  by  placing  them  into  a -80°C  freezer,  where 
they  were  stored  imhl  their  DNA  was  eslracled  for  PCR  analysis-  If  whole 
miles  were  frozen,  ptellminary  tests  indicated  PCR  amplification  could  be 
conducted  with  consistent  results.  The  DNA  from  5 mites  was  combined  per 
replicate,  and  5 replicates  were  done  for  each  time  point,  with  the  exception 
of  3 replicates  for  A.  rrdiicliis  at  48  h after  feeding.  The  DNA  extractions  and 
PCR  reactions  from  3 of  the  5 replicates  from  all  time  periods  were  done  on 
one  day,  the  remaining  2 samples  from  each  time  period  were  analyzed  on  the 
following  day.  Negative  controls  were  water  and  DNA  from  A.  reducius  never 
fed  T.  iirtrciie.  Drosophiln  ^imulans  DNA  was  a positive  control. 

The  PCR  product  from  one  M.  occidrnlalis  female  (Russian  Scleci  strain) 
slarved  for  8 h was  reamplified  and  purified  with  a QIAquick  Spin  PCR 
Purification  Kit  (QIACEN,  Chatsworlh,  CA)  for  direct  sequencing.  Similarly, 
Ihe  PCR  product  from  one  male  T.  nrficae  was  reamplified  and  punfied  for 
subsequent  direct  sequencing.  The  PCR  product  from  60  M.  oceidenulh  eggs 
(COS  strain)  was  also  reamplified  and  purified.  The  reamplified  egg  DNA 
was  purified  by  exlracling  the  9Q0-bp  band  from  an  agarose  gel  by  using  a 
QIAquick  Gel  Extraction  kit  (QIAGEN).  The  PCR  products  were  sequenced 
by  the  ICBR  DNA  Core  Sequencing  Facility  at  the  University  ol  Florida  wilh 
an  ABl  373a  Automated  Sequencer. 


Phylogenetic  Analysis 


The  16S  rDNA  sequences  from  microorganisms,  including  Wolbacbia, 
were  aligrred  wiih  the  mile  sequences  by  eye  by  using  conserved  areas  as 
markers.  Parsimony  analyses  with  PHYLIP  (Felsenstein,  1993)  and  MacClade 
(Madisson  and  Madisson,  1992)  were  used  to  compare  our  sequences  with  the 
other  aligrred  sequences.  Bacitliis  sublilif  Cohn  was  used  as  an  outgroup. 

Many  reported  Wolbacbia  sequences  are  shorter  than  those  I sequenced; 
therefore  a 625~bp  sequence  from  the  5'  end  of  the  16S  rDNA  gene  (£.  coli 
posihons  IOQ'773)  was  used  in  the  phylogenetic  analyses. 


Temperatures  >30‘C  administered  for  a few  generations  have  been 
reported  to  eliminate  Wolbacbia  from  some  insects  (Stevens,  19B9;  Slouthamer 
etai,  1990a).  One  colony  of  M.  occidentalis  (COS)  was  reared  at  33®C  for  at  least 
6 generations  to  determine  whether  it  is  possible  to  decrease  their  Wolbacbia  to 
undetectable  levels. 

Results 

DMA  Extraction 

Although  DNA  preparations  with  Chelex  yielded  some  positive  PCR 
signals,  the  STE  preparation  method  (O'Neill  el  al„  1992)  gave  more  consisteni 
results,  especially  when  the  DNA  preparation  was  used  immediately  alter  the 
extraction  and  was  never  frozen. 


Polymerase  Chain  Reaction  Assay 


The  survey  of  ptedalur  and  prey  populations  indicates  the  900'bp 
iVolheriifd-specific  PCR  product  can  bo  amplified  from  laboratory  colonies  of 
M.  occiittrntaUs  and  T.  irritcae,  but  not  amplified  from  the  field  populations 
tested  (Table  2-1).  However,  a field  population  of  the  other  spider  mite 
tested,  T,  lurhslani,  which  was  collected  from  the  same  cotton  field 
containing  an  uninfected  population  of  T.  itrlicae,  was  positive.  The 
European  rod  mite,  prey  of  the  freshly  collected  field  population  of  M. 
Mciifenla/is  tested,  was  also  negative  by  the  PCR.  The  laboratory  colony  of  A. 
rednctus  remained  uninfected  during  the  course  of  the  study.  Negative 
controls,  the  camel's-hair  brush,  pinto  bean  material,  and  the  debris  were 
negative  throughout  the  study.  Some  nonspecific  PCR  producls  were  present 
in  some  reactions  and  excluded  from  analyses. 

The  PCR  was  performed  on  egg  preparations  of  selected  M.  occfefentalis 
strains  to  eliminate  the  possibility  of  false  positive  signals  caused  by  adults 
feeding  on  positive  T.  urficar  prey.  When  the  adults  were  positive,  the  eggs 
were  also  positive  (Table  2-1)  (COS,  Russian  Select,  Pullman  Blackberry). 
Likewise,  when  the  adults  were  negative,  the  eggs  were  negative  (Supermite, 
Griggs  Apple).  Figure  2-1  (lanes  2-4)  shows  the  PCR  results  from  COS 
adults  and  eggs.  The  presence  of  WoWadtin  from  egg  preparations  suggests 
that  Wolbncliifl  arc  Iransovarially  Iransmilted,  not  just  present  as  gut 
contaminants  from  feeding  on  positive  T.  urticoe,  Transovarial  transmission  of 
the  type  B rickettsia-Uke  microorganism  in  M.  occidentalis  was  predicted 
previously  because  of  their  primary  presence  in  the  ovaries  of  adult  females 


(Hess  snd  Hoy,  1982)  and  because  of  Ihe  presence  of  small  micioorganisms 
observed  in  egg  squashes  of  M- occideufii/is  (Nelson-Rees  el  al.,  1980). 

Effects  of  Feeding  Predators  Infected  Prey 

A.  reductus  adult  females  fed  T.  urlicac  were  positive  for  VJolbachia  by 
the  PCR  in  only  one  replicate  of  five  when  tested  immediately  after  the 
predators  were  removed  from  positive  prey.  All  the  remaining  samples  were 
negative.  Positive  and  negative  controls  indicated  that  Ihe  PCR  reactions 
were  reliable.  In  M.  wciiUiilitUs,  positive  PCR  signals  were  detected  in  aU  Kve 
samples  tested  0 and  4 h after  feeding,  in  four  of  the  five  samples  8, 12,  and  24 
h after  feeding,  and  in  three  of  the  five  samples  48  h after  feeding.  Figure  2*1 
(lane  7)  shows  a posiKve  PCR  signal  in  A.  mfitclus  immediately  after  removal, 
but  a negative  reaction  in  A.  rcducliis  starved  4 h (lane  8).  The  positive  signal 
from  M.  CKcidtirtalis  removed  from  prey  for  24  h (lane  3)  indicates  Wolbackia  is 
likely  an  intrinsic  symbiont  of  this  predator. 

Sequence  and  Phylogenetic  Analyses 

Sequence  informahon  between  the  two  primer  sites  was  obtained  for 
the  eggs  of  M.  occidmialis  (COS  strain)  (849  bp),  adult  females  o/M.  cecidailalis 
(Russian  Select  strain)  (850  bp),  from  1 male  T iiriicae  (840  bp)  (GenBank 
accession  numbers  U44044.  U44045,  and  U44046,  respectively). 

The  Wcflrac/iin  sequences  from  the  miles  were  similar  to  each  olher  and 
to  Ihe  Wolbachia  from  insects,  but  not  to  Wotbnehia  pcrsica  Suiter  and  Weiss 
from  the  fowl  tick  Aijas  persirus  (Oken).  Sequence  similarities  were 
calculated  by  aligning  Ihe  sequences  and  dividing  Ihe  number  of  similar 
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bases  by  the  total  number  of  bases.  Previous  esKmates  of  sequence  similarity 
(Johanowicz  and  Hoy,  1996)  were  underesbmated  due  to  the  inclusion  of 
missing  or  questionable  DNA  sequence  information.  There  is  99.98% 
sequence  similarity  between  the  tVslbechra  from  the  COS  and  Russian  Select 
strains  ofM.  occidentaUs,  99.99%  similarity  between  the  Wolbachia  sequences 
from  the  COS  strain  of  M.  occtdenlalis  and  its  prev  T.  urlicae,  and  99.985ti 
similarity  between  the  Wolbachia  sequences  from  the  Russian  Select  strain  of 
M.  ocddenlalis  and  T.  urticae.  However,  because  the  DNA  was  sequenced  only 
once,  the  differences  could  be  due  to  Taq  polymerase  errors,  since  the  base 
differences  were  in  conserved  areas  of  the  16S  rRNA  gene. 

Interestingly,  the  16S  rDNA  from  Ad.  occide/ifafjs  and  T.  urticae  were  not 
more  closely  related  to  each  other  than  they  were  to  the  type  species  Wolbadtia 
pipienlis  from  the  northern  house  mosquito  Cii/rr  prpiens  L.  There  was  KXW. 
similarity  between  W,  pipienlh  and  tVeftraclifa  from  the  COS  strain  of  M. 
sccirfentalis  eggs. 

The  molecular  phylogeny  (based  on  623  bp  from  the  5'  end  of  the  gene) 
shows  that  the  3 mite  sequences  are  within  the  insect  Wolbadtia  clade,  and  in 
the  same  subgroup  as  the  Wolbadtia  from  C.  pipiens  (Figure  2-2).  There  were 
396  informative  characters  used  to  determine  the  trees.  There  were  4 most 
parsimonious  trees  (treelength,  926:  retention  index,  0.76;  consistency  index, 
0.73).  The  phylogenetic  tree  shown  in  Figure  2*2  is  the  consensus  tree, 
constructed  by  collapsing  the  unresolved  area  of  the  tree  into  a region  of  soft 
polytomies  (regions  of  ambiguous  resolulion)  (Maddison,  1989),  which  is  the 
subgroup  containing  the  mite  sequences.  Thus,  it  Is  impossible  to  determine 


which  sequence  in  this  subgroup  is  ancestral  because  of  insufficient  sequence 
information. 

Heat  Treatment 

I was  unable  to  detect  a Welbjcitia-specific  PCR  signal  from  a heat* 
treated  population  of  the  COS  strain  of  M.  occidfnlaiis  (Rgure  2-1,  lane  5 ), 
which  is  normolly  positive.  DNA  extracted  at  the  same  time  from  60  eggs  of 
a colony  (COS)  not  subjected  to  the  heat  treatment  was  positive  (Figure  2-1. 
lane  4),  as  expected.  These  results  provide  further  evidence  of  an  intrinsic 
infection  in  M.  occidentals,  since  the  T.  urtiw  fed  to  these  heat-treated  mites 
were  positive  for  Wolbachia. 


Discussion 

Based  on  the  I6S  rDNA  analysis,  the  WoWachia  from  M.  occidentefis  and 
T.  uriicac  are  related  closely  to  Wolbachia  from  insects  and  not  to  Woflucliia 
pcrsica,  a microorganism  found  in  the  acarine  Argaa  persieus  (Suiter  and  Weiss, 
1961).  The  primers  were  designed  to  specifically  amplify  W.  pipienlis,  and 
because  the  16S  rDNA  from  W.  persieo  and  W.  pipiantis  is  so  different 
(Weisburg  ef  at.,  1991),  it  was  expected  that  the  mite  sequences  would  be 
related  to  Wo/baeWa  from  insects.  However,  it  was  surprising  that,  although 
there  has  been  a long  isolation  between  the  Chelicerata  (acarmes)  and  the 
Mandibulata  (insects)  of  ‘550  million  years  (Manton,  1977),  the  Wolbachia  16S 
rDNA  sequences  from  the  2 mite  species  are  not  more  similar  to  each  other 
than  they  are  to  that  of  the  Wofbacliio  from  the  more  distantly  related  insect  C. 
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pipiens  (Figure  2-2).  While  the  WoliuicAin  from  some  closely  related  insect  laxa 
grouped  together,  it  is  also  the  case  that  distantly  related  insects  may  have 
very  similar  Woltmchia.  This  lack  of  congruence  between  the  evoluKonary 
history  of  the  arthropods  and  that  of  the  Wolbacbui  suggests  some  horiaontal 
trartsfer  of  Wotbachia  between  arthropod  species  may  have  occurred  (Rousset 
etoi,  1992b;  O'Neill  ef  af.,  1992)  In  addition  to  vertical  transmission.  However, 
the  mechanisms  of  such  horizontal  transfer  have  not  been  identiTicd. 

Wolbachio  can  be  detected  in  otherwise  Wofbacftre-free  A.  reductus 
immediately  after  feeding  on  infected  prey;  therefore  studies  with  predatory 
arthropods  must  take  into  account  the  infection  status  of  their  prey.  Starving 
the  mites  for  at  least  4 h appears  to  eliminate  false  positive  signab  caused  by 
transient  infection.  Based  on  a model  of  M.  occidenlalis  feeding  on  T.  iirticoe 
(Fransz,  1974),  1 calculated  that  80%  of  the  gut  contents  are  digested  within  4 h, 
which  may  be  enough  to  bring  transient  Wef&ticfiia  DNA  concentraKons  to 
undetectable  leveb.  I found  that  starving  the  mites  too  long  decreases  the 
amount  of  Wolbacbui  detectable  by  the  PCR,  which  is  consistent  with  past 
studies  in  which  the  density  of  various  symbionts  from  the  citrus  mealybug 
Planaaxcus  ctiri  (Risso)  b decreased  when  they  are  starved  (laccarino  and 
Tremblay,  1970).  Symbiont  number  b increased  in  the  Rocky  Mountain  wood 
dek,  Drrmacenfor  jnderseiti  Stiles,  after  feeding  (Butgdorfer  el  af„  1973). 

Although  both  predator  and  prey  contain  intrinsic  Wo/Ssc/ifa, 
differentiation  between  the  two  species'  Walbachia  based  on  16S  rDNA 
information  was  not  possible.  The  16S  rDNA  region  sequenced  b useful  for 
some  levels  of  phylogenedcs  (Webburg  el  nl..  1989),  but  it  does  not  allow  for 
robust  discrimination  within  the  Wolkacliia  clade  (O'Neill  ef  al„  1992), 


Analysis  of  the  entire  16S  rRNA  gene  or  of  other  more  variable  genes  may 
have  allowed  a better  discrimination  between  Wolbachia  from  M.  occidentalU, 
T.  urlicae,  and  irtsects.  Sequence  information  from  multiple  clones  of  the  IbS 
rDNA  PCR  products,  or  from  both  strands  of  the  PCR  product  may  have 
increased  the  accuracy  of  the  estimates  of  the  differences  between  the 
Wolbachia  from  M.  ocridrnta/is,  T.  ufiree,  and  insects.  However,  a more 
accurate  estimate  of  these  differences  is  unlikely  to  change  the  conclusions  of 
this  study,  because  this  region  is  so  conserved  (O'Neill  ef  of.,  19921,  and  thus 
does  not  allow  for  flne  scale  analysis  of  Wolbachia  diversity  (Werren,  1997), 

Although  all  laboratory  population  of  M.  occidenlahs.  except  one,  were 
positive  for  Wolbachia  by  using  a PCR  assay,  the  field-collected  population 
was  not.  It  is  possible  that  other  field  populations  of  M.  occidcntaiis  may  be 
infected,  but  simply  were  not  sampled.  M.  cccidenlalis  populations  m 
California  almond  orchards,  pear  orchards,  and  vineyards  have  been  shown 
to  vary  in  pesticide  resistances  (Hoy,  19S5),  and  thus  may  represent  partially 
isolated  populations  caused  by  a relatively  low  rate  of  dispersal.  Il  also  has 
been  demonstrated  that  some  subpopulations  of  Drosophila  stmulans  are 
infected,  whereas  others  are  not  (Hoffmann  ef  al.,  1986).  High  temperatures  or 
naturally  occurring  antibiotics  are  possible  reasons  for  these  polymorphic 
populations  (Holfmann  rfo/.,  1990). 

Although  Wolbachia  has  been  confirmed  in  several  populations  of  M. 
occidentalis.  and  different  populations  of  M.  occidentalls  are  known  to  exhibit 
partial  nonreciprcKal  mating  incompatibilities,  there  is  no  direct  evidence  yet 
that  the  incompatibilities  actually  are  caused  by  the  Wolbachia.  This 
information  would  be  particularly  interesting  because  of  proposals  to  use 


29 

Wolbaehia  as  a drive  mechanism  ro  insert  a desired  trail  into  a population 
(Beard  et  nl,  1993).  Fostmaling  incompatibiiities  caused  by  Wotbachio  may 
aid  in  releases  of  gencdcaliy  improved  strains  in  biologicai  control  programs 
(Caprio  and  Hoy,  1995),  once  more  is  learned  about  the  role.  Impact,  and 
spread  of  Wolbachio  in  arthropods,  and  especially  in  M.  eccrdentafis. 


Table  2-1.  WolbacMa  infecHon  slatus  of 
populations. 


Species  / Strain 


Positive  {+)  or 
Negative  (•) 
PCR  Results 
eat 


PREDATORS 
Amblyseius  retii/cli/s 
Metaseiulus  occidentalis 
COS" 

Russian  Select" 
Supcrmite 
Hybrid  Select 
Ave-21 

Pullman  Blackberry 
WA-  Select 


PREY 

Tefmnycbas  urticas 
Florida  laboratory" 
Oregon  laboratory 
Ohio  laboratory 
Visalia  Insectaiy 
cotton  field 
Tcfranycftas  turkeslani 
Panonufhus  ulmi 


Heat  treated  M. 

' A=  lab  colony,  Gainesville,  FL:  B=  lab  colony,  Corvallis, 
OR;  Cs  insectary,  Visalia,  CA;  Ds  field,  apple;  E=  field, 
cotton;  F=  lab  colony,  Columbus,  OH: 

‘ eggs  sequenced 
' adult  female  sequenced 
" adult  male  sequenced 
' nt=not  tested 
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Figure  2-1.  Bands  of  the  expected  size,  900  bp,  were  amplified  using 
Wofbsc/iin-spccific  16S  rDhIA  primers.  Lane  3,  Molecular  weight  marker  VI 


mites  tested^!®'*'  ri^rel''''  8^1  'w'’"'’''*" 

miles  and  starved  for  4 ft;  lane  9,  D.  simiilms  positive  control.  Other 
nonspecific  PCR  products  of  much  lower  and  higher  molecular  weights  than 
expected  using  Ws(6ac/iie-specific  16S  primers  were  present  in  some  samples. 


CHAPTER  3 

FURTHER  GENETIC  CHARACTERIZATION  OF  WOLBACHIA  FROM 
METASEIUI.US  OCCIDENTALfS  AND  TETRANVCHUS  URTICAt  USING 
PARTIAL  FTSZ  GENE  SEQUENCES 


Previous  studies  indicated  Wolbochia  endos>^biont5  are  present  in 
both  the  ptedatoiy  mite  Metaseiidus  {sCalendraimis,  Typhlodromus)  occifUnlalis 
(Nesbitt)  and  its  spider  mite  prey  T^trcinychus  urtleae  Koch  (fohonowics  and 
Hoy  1996;  Chapter  2).  A high  degree  of  simiiarity  between  the  Wolbtichut  16S 
ribosomai  DNA  sequences  from  M.  occidciiln/is  and  T.  urlicae  (Johanowicz  and 
Hoy  1996,  Chapter  2)  make  it  difficult  to  discnminate  between  the  two  types 
of  tVelfntchie  m phylogenetic  analyses.  Additionally,  PCR-based  assays  of 
predators  using  I6S  primers  are  difficult  to  interpret  because  DNA 
entractions  of  adult  predators  may  contain  spider  mite  Wolbachia  DNA  as  a 
gut  contaminant  (Chapter  2). 

The  Wolbacliia  ftsZ  gene,  important  in  prokaryotic  cell  division  (deBoer 
cl  of-,  1990),  was  unexpectedly  discovered  during  screening  of  a Dnsophita 
mtlmogasicr  genomic  library  (Holden  cl  at.,  1993).  The psZ  gene  is  reported  to 
be  more  variable  than  the  16S  rRNA  gene  and  therefore  may  have  more  power 
to  discriminate  between  Wo)bacHm  strains  (Werren  c( «/.,  1995b). 

The  purpose  of  this  chapter  was  to  amplify  part  of  the^sZ  gene  and  to 
sequence  it  to  further  characteriae  the  Violbachm  from  both  predator  and  prey 
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mites.  II  the  sequence  informaKon  from  ihe/tsZ  genes  indicates  variability 
exists  between  the  predator  and  prey  mite  Wolbnchia,  PCR  primers  will  be 
designed  that  specifically  amplify  only  one  of  the  two  different  Wolbachin. 
This  would  facilitate  the  PCR-based  detection  of  Wolbachia  in  individual 
predators  by  allowing  DNA  extractions  to  occur  from  a single,  unstarved 
adult  predator  rather  than  from  a starved  adult  or  groups  of  eggs. 

Methods 

Mite  Maintenance  and  Sources 

Mftasciulus  occidentalis  were  maintained  at  the  University  of  Florida  and 
reared  as  previously  described  (Roush  and  Hoy,  1981;  Hoy  el  oi,  1982}. 
Telrimyclius  uriieae  were  raised  on  pinto  bean,  Phasmius  mlgaris,  plants  in  a 
greenhouse  at  the  University  of  Florida-Gainesville. 

ftsZ  PCR  Frimers 

Primers  were  designed  which  amplify  the  WQlbochia  bacterial  septadon 
genc.yisZ.  Preliminary  PCR  tests  using  two  sets  of  primers  designed  by 
Werren  rf  ai  (1995b)  did  not  amplify  Wolbachia  DNA  from  either  M. 
occideiitalis  or  T.  iirficee.  Two  new  primers  were  designed  from  conserved 
regions  of  the  Drosophiln  welanogasler  Wolbachia  ftsZ  gene  r*tained  from 
Cenbank  to  amplify  310  bp  of  the  gene  from  T.  uriicae.  The  primers  used  to 
amplify  Wolbachia  fIsZ  DNA  from  T.  iirticae  are:  fonoard  flsZ-.  5-AAA  CCG 
TTC  GGT  nr  CAA  GGT  GTG  CGC  CGT  AT,  and  reverse  flsZ.  S'-GCA  CTA 
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ATT  GCT  CTA  TCT  TCT  CCT  TCT  GCC.  The  expected  size  of  the  PCR 
product  was  apptoxifnately  310  base  pairs  (bp). 

Two  different,  new  primers  were  later  designed  to  amplify  a portion  of 
theftsZ  gene  from  M,  occidenlolis.  These  two  new  primers  were  designed  from 
conserved  areas  outside  the  region  that  was  amplified  and  cloned  from  T. 
urticae.  This  was  done  to  reduce  the  risk  of  accidentally  amplifying 
contaminating  plasmid  DNA  from  the  cloned  fisZ  gene  fragments.  The 
primers  for  the  M.  xcidenralis  experiment  were  designed  to  be  specific  to  the 
B'group  of  WolbiJchia,  because  16S  rDNA  analyses  placed  the  Wolbnchia  inAf. 
accidrnlalis  and  T.  uriicne  in  that  group  (Johanowicz  and  Hoy,  1996;  Chapter  2). 
Potential  primers  were  designed  by  aligning  Wolbachia JlsZ  sequences  from  16 
species  obtained  from  Genbartk  and  choosing  30  bp  regions  conserved  only  in 
ihe  B-group  Wolbachia.  The  best  primers  from  those  conserved  regions  were 
chosen  based  on  minimizing  their  potential  secondary  structure,  predicted  by 
using  MacDNASIS  software  (Hilachi  Soflware).  Secondary  structure  can 
interfere  with  priming  efficiency  (Saiki,  1969).  The  primers  used  to  amplify 
the  Wolbachia  from  M.  occidenlalis  are:  ftsZH:  5'-TAC  TGA  CTG  TTG  GAG 
TTG  TAA  CTA  ACC  CCT,  and  flsZil:  5'-TGC  CAG  TTG  CAA  GAA  CAG 
AAA  CTC  TAA  CTC,  The  expected  size  of  the  PCR  product  was 
approximately  570  bp.  The  570  bp  fragment  included  the  complete  310  bp 
region  from  T.  urticae. 

Polymerase  Chain  Reaction 

M.  occidenlalis  DNA  was  extracted  in  Chelex  from  10  pooled  females 
starved  at  least  8 hours  prior  to  extraction  to  avoid  amplifying  spider  mite 


Wolbaehia  present  as  contaminants  in  the  guts  of  these  predators  (Johanowicz 
and  Hoy,  19%;  Chapter  2).  T.  urlicae  DNA  was  extracted  from  individual 
females  in  Chelex  as  previously  described,  and  the  PCR  product  from  three 
individuals  was  later  ponied  for  cloning. 

Cycling  conditions  were  as  follows:  1 pi  template  DNA,  50  mM  KO, 
10  mM  Tris  HCI,  1,5  mM  MgCIs,  0.2  pM  each  primer  (both  the  forward  and 
reverse  primers  according  to  mite  species),  200  pM  each  dNTF,  and  O.S  units 
of  Totj  polymerase  in  a total  volume  of  25  pi.  Reactions  were  cycled  35  times 
at  94"  C for  30  sec,  and  72°C  for  60  sec.  Because  the  primers  were  at  least  30 
bp  long,  their  theoretical  T„  was  large  enough  so  that  a two-step  PCR  reaction 
using  a 72"  artnealing  and  extension  temperature  was  possible. 

Cloning  and  Sequencing 

The  310  bp  fragment  amplified  and  pooled  from  T.  urlicae  was  cloned 
(T-A  overhang  method;  Mead  ef  tii.  1991)  for  subsequent  sequencing.  Four 
clones  were  sequenced.  Three  were  identical  except  for  one  with  4 base 
substitutions.  These  base  differences  were  not  present  in  any  other  Wolbnchiti 
sequences  published  to  dale.  These  base  differences  produced  a restricKon 
enzyme  recognition  site  specific  to  the  enzyme  AcfT.  Restriction  digests  by 
this  enzyme  of  the  remaining  40  clones  did  not  indicate  the  site  was  present  in 
any  others,  so  it  was  not  used  in  the  analysis.  The  two  30  bp  regions 
corresponding  to  the  priming  sites  were  excluded  from  analysis.  If  slight 
mismatches  between  the  template  and  primers  were  initially  present,  the 
primers  might  still  work,  and  the  PCR  product  would  reflect  the  primer 


scquenc«s  rather  than  the  original  template  sequences.  This  lelt  261  bp  for 
subsequent  analyses. 

The  570  bp  fragment  ampliried  from  the  pooled  sample  of  M. 
KCidmlalis  was  cloned  (T-A  overhang  method:  Mead  et  al.,  1991)  for 
subsequent  sequencing.  Four  clones  were  sequenced.  All  four  were  identical 
except  for  1 or  2 non-synonymous  base  differences  in  three  of  the  clones, 
presumably  due  to  Tsq  polymerase  errors.  These  base  differences  were  rrot 
present  in  any  other  WoWachia  sequences  published  to  date  and  appeared  in 
highly  conserved  areas  of  the  j^sZ  gene,  so  these  clones  were  not  used  in 
subsequent  analyses.  The  two  30  bp  regions  corresponding  to  the  priming 
sites  were  excluded  from  analysis.  This  left  509  bp  for  subsequent  analyses. 

Sequence  Analysis 

Sequences  were  aligned  with  MacDNASIS.  The  sequence  from  T. 
iirticae  was  compared  to  the  sequence  from  M.  oeddentaiis  on  the  basts  of 
sequence  similarity.  The  509  bp  Wolbachia  jtsZ  sequence  from  M.  oaidmialis 
was  used  bt  subsequent  parsimony  analysis  with  an  unreieased  version  of 
PAUP  {wilh  permission  from  the  author;  Swofford,  1997).  With  26  WolUathia 
sequences  obtained  from  Genbank,  PAUP's  heuristic  search  algorithm  with 
100  bootstrap  replicates  (a  resampling  technique)  was  used  to  find  the  most 
parsimonious  tree.  This  search  method  is  appropriate  when  calculating 
phylogenies  with  large  data  sets  (Swofford  rf  at.,  1996).  A 50%  consensus  tree 
was  calculated,  meaning  that  the  branching  patterns  which  indicate  an 
ancestry  supported  by  at  least  50%  of  the  bootstrap  replicates  are  kept  as 
branches  in  the  consensus  tree.  The  unresolved  areas,  which  do  nor  support 


38 

any  ancestral  pattern  due  to  insufficient  sequence  information,  are  coUapsed 
into  unbranched  regions  called  'soft  polylomies'  (Maddison,  1989).  No 
appropriately  related ^sZ  sequences  were  available  (for  example,  other 
rickettsia)  as  an  outgroup,  which  helps  the  computer  program  calculate  the 
phylogeny  more  accurately  (Swofford  el  ei,  1996).  Therefore,  I used  a 
technique  called  'midpoint  rooting',  which  is  an  appropriate  solution  when 
no  reasonable  outgroups  exist  (Swofford  ef  ai.  1996). 

The  261  bp  region  of  the  flsZ  gene  amplified  from  T.  urlicae  was 
identical  to  the  same  region  of  the  ftsZ  gene  amplified  and  sequenced  from  M. 
occide/Kolis  (Figure  3-1). 

Parsimony  analysis  indicated  the  509  bp  sequence  from  M.  KcidmIalU 
grouped  within  the  B-group  Wslhaclt/it.  The  Ad.  oecidenlalis  sequence  was  near 
the  sequence  obtained  from  the  house  mosquito  Culexpipiens  L.,  as  it  was 
when  the  16S  ribosomal  DNA  analysis  was  conducted  ([ohanowica  and  Hoy, 
1995;  Chapter  2).  The  pel  gene  from  M.  occidcFtlalis  was  98.4%  similar  to  the 
Woibneha  sequence  from  C.  pipiens  L.,  corresponding  to  8 bp  differences  (16S 
rDNA  Studies  indicated  they  were  100%  similar)  and  was  99.4%  similar  to  the 
sequence  from  the  grain  moth  Ephestia  eautella  (Walker),  corresponding  to  3 
bp  differences  (16S  rDNA  studies  indicated  a 99%  similarity). 

The  50%  consensus  tree  shows  the  flsZ  sequence  of  Wotbachia  from  M. 
occidenlalis  is  located  m an  unresolved  area  (Figure  3-1).  Out  of  509  characters 
(nucleotide  bases),  62  were  determined  by  PAUP  to  be  'parsimony 
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infomalive',  meaning  they  provided  Ihc  appropriale  amouni  of  variability  to 
be  useful  in  calculations  of  the  phylogenetic  estimates.  The  other  bases  were 
either  completely  identical  in  all  taia  (447  bases)  or  displayed  loo  much 
variation  (16  bases)  to  be  useful  in  the  analysis.  The  tree-length  was  129,  which 
is  a summation  of  the  least  number  of  base  changes  needed  to  explain  the 
variations  in  DMA  sequences.  The  consistency  index  was  0.64  and  the 
retention  index  was  0.69.  These  indices  give  the  relationship  between  the 
number  of  conceivable  and  observed  base  changes  in  the  data  set,  and  the 
cbser  the  value  is  to  one,  the  better  the  tree  predicts  the  most  likely 
evolutionary  pattern  (Maddison  and  Maddison,  1992). 

Discussion 

The  261  bp  fragment  of  the  WolbachiafisZ  gene  obtained  from  both  the 
predator  and  prey  mites  were  identical.  This  ruled  out  the  possibility  of 
designing  species-speciHc  Waifaich/a  PCR  primers  for  use  nn  unslarved 
predator  adults  based  on  this  sequence  information. 

The  509  bp  portion  of  the  WolbtKhis  ftsZ  gene  used  to  compare  M. 
otcidenloUs  with  other  arthropods  did  not  provide  more  resolvmg  power  than 
the  sequence  information  from  the  15S  rRNA  gene  (Figure  2-2  in  Chapfer  2). 
The  509  bp  from  the  predator  fisZ  sequence  used  in  this  phylogenetic  analysis 
left  regions  of  unresolved  ambiguity  in  the  subgroup  where  the  M.  oecidmlalis 
Wolbachia  sequence  was  positioned,  just  as  in  the  earlier  16S  rDNA 
phylogeny. 
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Because  the  sequences  ftom  various  arthropods  within  this  unresolved 
area  are  quite  sunilar,  no  conclusions  can  be  drawn  regarding  the  possibility 
of  a horizontal  transfer  of  Wolbadua  between  the  predator  and  prey  mites. 
Sequence  information  from  the  eggs  of  M.  occidenlalis  might  have  cortfirmed 
that  the  DNA  ampMRed  from  the  starved  adults  was  only  from  their  own 
Woffuicfiio.  However,  upon  realizing  that  the^sZ  region  used  was  so 
coTtserved.  no  further  sequencing  was  conducted.  Sequence  informahon 
from  a more  variable  region  of  the  ftsZ  gene,  perhaps  from  part  of  the  non- 
coding  region  or  a longer  stretch  of  the  coding  region,  may  be  needed  to 
discriminate  between  the  Woibachia  in  M.  occidenlaliii  and  T.  urticag  and  assess 
the  possibility  of  horizontal  transfer  of  the  symbiont  between  these 
ecologically-related  species. 

Taxonomically-distinct  arthropods  (Isopoda,  Acari,  Lepidoptera, 
Orthoptcra,  Coleoplera,  and  Diptera)  host  Wolbaeliia  strains  with  similar  fisZ 
gene  sequences  as  shown  in  Figure  3-2.  Unless  horizontal  transfer  of 
Wolbacbw  has  occurred  between  distinct  arthropod  species,  the  Wolbaeliia 
from  these  hosts  are  probably  different  strains  with  more  genetic  variability 
than  can  now  he  detected.  Efforts  are  under  way  to  sequence  other  genes  in 
Wolbachio  (Werren,  1997).  Sequence  information  ftom  other,  more  variable 
genes  might  more  accurately  determine  the  similarity  of  Wolbachia  retained 
from  various  arthropod  species  and  populations. 


CHAPTER  4 

EXPERIMEt'TTAL  INDUCTION  AND  TERMINATION  OF 
NONRECIPROCAL  REPRODUCTIVE  INCOMPATIBILITIES  IN  A 
PARAHAPLOID  MITE 

Introduclion 

Reproductive  incompatibilities  have  been  detected  in  various 
phytoseiid  mites,  including  Metaseiuliis  {^Typhlodromus.Cakndronius) 
oardenlalis  (Nesbitt),  a biological  control  agent  of  the  two  spotted  spider  mite, 
Tclrani/chus  urticae  Koch.  Associated  with  these  intraspecific  reproducKve 
incompatibilities  between  different  populations  were  shriveled  eggs,  low 
numbers  of  eggs,  low  survival  of  immature  stages,  and  reduced  fecundity  in 
surviving  F]  individuals  (Croft,  1970;  Hoy  and  Knop,  1981;  Hoy  and  Standow, 
1982;  Hoy  and  Cave,  1988).  Croft  (1970)  detected  reciprocal  reproductive 
incompatibilities  (females  from  both  of  the  two  populatiorts  being  crossed  are 
incompatible  with  males  from  the  different  population)  and  nonreciprocal 
reproductive  incompatibilities  (females  from  only  one  of  the  two  populations 
being  crossed  are  incompatible  with  males  from  the  other  population)  In 
crosses  of  M.  occidenmUs  from  California,  Utah,  and  Washington.  When  Hoy 
and  Knop  (1981)  crossed  a laboratory  selected  permethrin-resistant  strain  of 
M.  occidentolis  with  its  original  base  colony,  few  eggs  were  produced  and 
many  were  shriveled  and  failed  to  develop  in  one  cross  while  the  reciprocal 
cross  was  compatible.  They  also  found  thal  a partially  permcthrin'iesistant 
strain  was  nonreciptocally  incompatible  with  its  base  colony  after  only  one 
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year  of  selecEiops.  Simitar  nonteciprocal  reproductive  incompadbiUtics 


fourtd  in  crosses  with  sulfur-resistant  M.  occidentalis  (Hoy  and  Standow,  1952). 
In  a later  study.  Hoy  and  Cave  (1955)  detected  nonteciprocal  partial 
reproductive  incompatibilities  between  five  colorties  of  M.  occidentalis.  Other 
examples  of  nonredprocal  incompatibilities  in  phytoselids  were  found  in 
rypfi/atfromus  annectens  DeLeon  (McMurtry  and  Badii,  1959)  and  in  two 
populations  of  Ainblyseius  addwnsis  van  der  Merwe  and  Ryke  from  South 
Africa  (McMurtry,  1980). 

Nonxeciprocal  reproductive  incompatibilities  are  one  of  the  effects 
associated  with  the  presence  of  Wolbnehm  endosymbionts  in  a diverse  array  of 
Arthropoda,  including  insects  (Mandibulata:  Insecta),  isopods  (Mandibulata: 
Crustacea)  and  spider  mites  (Cheiicerata:  Arachnida)  (reviewed  by  Werren, 
1997).  These  small,  fastidious,  rickettsia-like  symbionts  are  located 
intracellularly  in  the  infected  arthropods  and  are  maternally-inherited 
through  the  egg  cytoplasm.  Infected  females  can  successfully  reproduce 
when  crossed  with  infected  or  non-infected  males,  but  crosses  between 
uninfected  females  and  infected  males  yield  various  phenotypes  associated 
with  the  incompatibility,  which  varies  depending  upon  the  genetic  system  of 
the  species.  The  incompatibilities  are  expressed  as  reduced  numbers  of 
viable  progeny  (both  sexes)  in  diplo-diploid  insects  (Laven,  1951;  Yen  and 
Barr,  1974;  Hoffmann  elal.,  1986;  Hsiao  and  Hsiao,  1985;  Wade  and  Stevens, 
1985;  Giordano  elai.  1995),  reduced  numbers  of  diploid  females  in  haplo- 
dlpioid  insect  parasitoids  and  an  increased  complement  of  haploid  males  (the 
females  become  haploid  males)  (Ryan  and  Saul,  1968;  Breeuwer  and  Werren, 
1990),  and  reduced  numbers  of  females  (with  the  normal  complement  of  male 
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progeixy)  in  some  strains  of  Ihe  haplo-diploid  spider  mite  Teiranyc/ius  urticae 
(Vala  and  Breeuwer,  1996).  The  eyiogenelic  mechanism  by  which  Wo/hrcbia 
affects  embryonic  development  and  sex  ratio  appears  to  involve  either  a toss 
of  the  paternally  derived  chromosomes  or  aberrations  in  the  paternal 
pronuclei  early  in  embryonic  development  (Werren,  1997). 

Rickettsia'Iike  microorganisms  were  detected  in  the  eggs  and  ovaries  of 
the  phytoseiid  mite  M.  occidcntafis  by  transmission  electron  microscopy  (Hess 
and  Hoy,  1962),  which  led  Hoy  and  Cave  (1988)  to  conclude  that  some  of  Ihe 
incompatibilities  seen  in  previous  studies  might  bo  microorganism-mediated. 
Molecular  analyses  with  Wo/fcac/iin-spedfic  165  ribosomal  DNA  Polymerase 
Chain  Reaction  (PCR)  primers  indicated  Wotbachia  is  present  in  many,  but  not 
all,  of  Ihe  M.  (Kddenlnth  populaKons  examined  (Johanowicz  and  Hoy,  1996; 
Chapter  2).  Phylogenetic  analysis  of  the  16S  ribosomal  DNA  (Johanowicz  and 
Hoy,  1996;  Chapter  2)  indicated  the  Wolbcichia  in  M.  oceidenlatis  are  genetically 
similar  to  the  Wolbaclua  found  in  the  insect  Ciilcx  pipiens  L.  and  in  the  spider 
mite  Tetrauydius  uriicae.  Although  Wolbadiia  have  been  detected  in  mites 
(fohanowicz  and  Hoy,  1995;  1996;  Chapter  2;  Breeuwer  and  lacobs,  1996; 
Tsagkarakou  ct  al.,  1996],  relatively  little  is  known  about  the  biological  effects 
of  Wolbachia  in  parahaploid  phytosciids. 

In  insects  (Arthropods:  Mandibulala:  Insecla)  and  isopods 
(Arthropoda:  Mandibulata;  Crustacea),  the  effects  of  Wolbadm  have  been 
reversed  with  antibiotic  or  heat  treatments  (Yen  and  Barr,  1973;  Richardson  el 
al.,  1987;  O'Neill,  1989;  Breeuwer  and  Werren,  1990;  Slouthamer  d al.,  1990b; 
Louis  d ai.  1993).  Heat-treatment  also  reduced  the  presence  of  Wolbachia  to 


undetectable  levels  in  M.  ocddentalis  (Arihrapoda:  Chelicerata:  Arachnida) 
(Johanowicz  and  Hoy,  1996;  Chapter  2). 

Crosses  between  infected  and  uninfected  individuals  are  a standard 
technique  used  in  studies  of  tVefbacftia  in  insects  (Wetren,  1997).  Ctosses 
between  inbred  laboratory  populations  of  M.  ixcidefttalis  differing  m the 
ptesence  or  absence  of  Wotbadua  due  to  heat-treatment  should  allow  a 
correlation  between  the  presence  of  Wolbachd  and  nonieciprocal 
incompatibility.  Using  inbred  lines  of  M.  ocddentalb>  reduces  the  effects  of 
nuclear  genetic  differences  that  might  cause  prematmg  incompatibilities 
which  could  confound  measures  of  Wef6acfifn-mediated  cytoplasmic 
incompatibility. 

The  objectives  of  this  chapter  were:  1)  determine  whether  uninfected  M. 
ocddenlaiis  females  are  incompatible  with  males  containing  Wotbachia,  2) 
determine  whether  compatibility  between  the  infected  males  and  cured 
females  can  be  restored  if  the  males  are  later  cured,  and  3)  correlate  any 
mcompatibilities  with  the  ptesence  of  Wolbachui. 


Methods 

Mite  Maintenance  and  Sources 

MefMciufirs  xcidenislis  were  maintained  at  the  University  of  Florida 
and  reared  as  previously  described  (Roush  and  Hoy,  1981;  Hoy  efal.,  1952).  A 
colony  of  two  spotted  spider  mites  was  raised  on  pinto  bean,  Phaseolus 
vulgaris  L,  plants  in  a greenhouse  at  the  University  of  Florida-Cainesville.  An 
inbred,  isofemale  line  of  M.  Kddanlalis  was  initiated  three  months  prior  to  the 


study  by  isolaKng  one  gravid  female,  allowing  her  progeny  to  sib  mate, 
removing  one  gravid  female,  and  repeating  this  procedure  for  four 
generations  at  24*C.  M.  occidenlalh  is  tolerant  of  inbreeding  (Hoy,  1977;  Bruce- 
OHver  and  Hoy,  1990),  and  this  procedure  allowed  reduction  of  differences  in 
the  nuclear  genome  as  factors  in  the  subsequent  experiments.  Two  of  the 
resulting  gravid  generation  five  (G5)  females  were  used  to  initiate  two  new 
lines;  one  line  (RT)  was  maintained  at  normal  rearing  temperatures  (24**C)  and 
the  second  line  was  held  at  33*C  for  at  least  R generations  (KT).  Temperatures 
>30°C  administered  for  a few  generations  reduce  or  eliminate  Wt^bachia  in 
some  insects  (Stevens,  1989;  Stouthamer  ef  a/.,  1990a;  Girin  and  Bouletreau, 
1995;  Louis  cl  al„  1993). 

A third  colony  (R->H)  was  later  initiated  by  removing  100  gravid 
females  from  the  inbred  RT  line,  allowing  them  to  mate  inter  se  while 
maintaining  them  at  33°C  for  at  least  10  generatioits.  This  line  was  used  to  test 
whether  compatibility  could  be  restored  between  it  and  the  original  HT  line. 

Experiment  1:  Teats  for  Incompatibilities 

Crosses  were  conducted  on  4.2  cm^  pinto  bean  leaf  discs  on  water 
soaked  cotton.  The  leaf  discs  were  infested  with  all  stages  of  spider  miles  as 
prey.  Experiments  were  performed  under  constant  light  at  22-24"C  and  45- 
65K,  RH.  M.  occitlenitilis  eggs  or  newly  eclosed  larvae  were  isolated  on  leaf 
discs  with  prey,  allowed  to  mature  to  adults,  and  sexed.  Single  pairs  of  one- 
to  two-day-old  adult  virgin  females  and  males  were  introduced  on  the  first  of 
a series  of  four  leaf  discs,  where  they  were  allowed  to  mate  and  deposit  their 
first  eggs.  The  females  then  were  moved  to  new  leaf  discs  daily  for  a total  of 


four  days.  The  locaKon  of  Ihc  eggs  was  marked  daily  with  India  ink  to  make 
relocating  them  easier.  The  number  of  shriveled  eggs,  surviving  progeny, 
and  developmental  stage  of  the  progeny  were  recorded  each  day.  The 
progeny  sex  ratio  was  determined  by  recording  the  sex  of  adult  progeny. 

Twelve  single  pair  crosses  (female  X male)  of  each  of  the  four  crossing 
types  were  made:  (HT  x RT,  RT  x HT,  HT  x HT,  and  RT  x RT)  (Figure  3-1).  for  a 
total  of  44  crosses.  Females  which  never  became  gravid  were  excluded  from 
analysis.  Crosses  which  did  not  yield  adults  were  excluded  from  the  sex  ratio 
analysis.  Data  were  analyzed  by  one-way  ANOVA  and  pairwise  comparisons 
were  made  with  Sche/fe's  procedure  (StatVlew;  Abacus  Concepts,  1992)  at 
alpha  <0.05. 

Experiment  2:  Tests  for  Restored  Compatibility 

Methods  were  similar  to  those  of  the  previous  experiment,  except 
temperatures  and  relative  humidities  were  between  23°-25*C  and  50-70%  RH. 
Because  it  was  difficult  lo  differentiate  between  shriveled  predator  eggs  and 
partially-consumed  spider  mile  eggs  (Figure  4-2),  the  number  of  shriveled  M. 
oceidnlalis  eggs  in  the  experiments  may  be  underestimated. 

The  subpopulation  of  RT  mites  subjected  to  heat-treatment  (R->H) 
were  crossed  with  both  the  HT  and  RT  lines  to  determine  whether 
incompatibilities  between  HT  females  and  RT  males  would  disappear  when 
subsKluting  R->H  males,  and  whether  new  incompabbilities  would  appear 
between  R ->H  females  and  males  from  its  (RT)  base  colony  Twelve  single 
pair  crosses  of  each  of  the  nine  crossing  types  were  made  (HT  x RT,  RT  x HT, 
RT  X R->H,  R->H  X RT,  R->H  x HT,  HT  x R->H,  HT  x HT,  RT  x RT  and  R- 


:>H  X R->H)  (Figure  4-1)  which  mulled  in  a tolei  o(  IQ5  singie  pair  crosses. 
Data  were  anaiyzed  by  one-way  ANOVA  and  pairwise  comparisons  were 
made  with  Scheffe's  procedure  at  aipha  <0.05. 

The  PCR  was  used  before  the  first  experiment  to  test  the  infection  status 
of  the  RT  and  HT  lines  with  tVa/bechia-speclfic  PCR  primers  which  amplify 
the  165  ribosomal  DNA  gene.  PCR  conditions  were  as  previously  described 
(Johanowicz  and  Hoy,  1996).  DNA  from  five  starved  females  was  pooled  for 
each  PCR  reaction  in  an  effort  to  increase  the  amount  of  WoltHKhia  DNA  and 
reduce  false  negatives  due  to  possible  low  liters  of  this  symbiont  in  these  liny 
(0.3  X 0.15  mm)  miles.  Three  PCR  reactions  each  were  performed  on  the  RT 
and  HT  lines. 

Primers  which  amplify  the  ftsZ  gene  of  Wolbachio  were  used  to 
evaluate  the  infection  status  of  individual  females  after  the  second  experiment 
was  completed.  Three  primers  were  designed  for  a heml-nested 
amplification  to  increase  sensitivity  and  to  be  specific  to  b-group  Wolbachia 
because  16S  rDNA  analyses  place  the  Wo/f>arfiia  in  M.  aecidenlalis  in  that  group 
CJohanowlca  and  Hoy.  1996;  Chapter  2).  A-group  specific  ft$Z  primers  did  not 
amplify  DNA  in  M.  otcidfntalis  (unpublished  data).  New  primers  wen? 
designed  by  aligning  iVolbachia  flsZ  sequences  obtained  from  Cenbank  and 
choosing  areas  conserved  in  B-group  Wollaeliia.  The  primers  used  were 
ftszn:  5'-TAC  TGA  CTG  TTG  GAG  TTG  TAA  CTA  AGC  CCT.fIsZth  S- 
CCA  GAA  CAT  AGG  GCA  ATT  AGT  GCT  CCA  GA,  and  /tsZrl;  S'-TGC 
CAG  TTG  CAA  GAA  CAC  AAA  CTC  TAA  CTC. 
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DNA  wa^  extracted  from  the  eggs  of  single.  Isolated  females  by 
allowing  aduit  females  to  lay  eggs  for  3 days;  the  resultant  S'7  eggs  were 
collected,  pooled,  and  extracted  in  25  gl  Chelex  (Johanowica  and  Hoy,  1996). 
This  procedure  allowed  estimates  of  the  proportiems  of  infected  females 
without  the  risk  of  amplifying  contaminating  spider  mite  Wotbachia  DNA 
from  the  digestive  tract  of  the  predators  (Johanowica  and  Hoy,  1996:  Chapter 
2).  Eggs  from  20  RT,  10  HT,  and  10  R->H  females  were  tested. 

Cycling  conditiorts  for  the  iirst  round  of  amplification  were  as  follows: 
1 gl  template  DNA,  50  mM  KCI,  10  mM  TrisHCI,  1.5  mM  MgCI,,  0.2  gM  each 
primer  (/IsZIl  and  ftsZrl),  200  pM  each  dNTP,  and  05  unite  of  Tag  polymerase 
in  a total  volume  of  25  pi.  Reactions  were  cycled  35  times  at  94°C  (or  30  sec, 
and  72*C  for  60  sec.  Cycling  conditions  for  the  second  round  of  amplification 
were  the  same  as  above,  except  1 pi  of  the  previously  amplified  DNA  was 
used  as  the  template,  and  primers  fsZTl  and  ftsZr\  were  used,  producing  a 
PCR  product  of  approximately  250  bp.  Reagent-negative  controls  were 
included  in  the  reactions. 


Results 

Induction  of  Incompatibility 

Nonreciprocal  reproduclive  incompatibility  was  induced  in  crosses 
between  Ihe  HT  (cured)  females  and  RT  (infected)  males.  This  cross  resulled 
in  reduced  numbers  of  eggs/female/day  (mean  ± s.d.  = 0.2  t 0.2)  ctjmpared 
to  the  reciprocal  cross  (2.0  ± 0.8),  and  Ihe  maternal  (2.0  ± 0.4)  and  paternal 
control  (1.7  ± 0.8)  crosses-  Higher  percentages  of  shriveled  eggs  (62.5%  ±51.7) 
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were  producpcl  compared  to  the  redprocal  (1.4%  ± 4.2),  malema)  (0%),  and 
paternal  control  crosses  (2.2%  ± 7.0)  (Table  4-1).  Figure  4-2  illustrates  the 
appearance  of  shriveled  eggs.  Only  male  progeny  went  produced  in  the 
incompatible  crosses  between  HT  females  and  RT  males.  Both  males  and 
females  were  produced  in  the  ntdprocal  (RT  x HT)  and  control  crosses  (Table 
4-1). 

The  sex  ratio  in  the  RT  x RT  (infected)  control  crosses  was  more  male- 
biased  (62%  males.  Table  4-1)  than  expected  (33%  males)  (Lee  and  Davis,  1968; 
Nagelkerke  and  Sabelis.  1991).  Though  there  is  a difference  in  sex  ratio,  there 
was  not  a statistically-significant  difference  in  the  number  of  eggs/  female/ 
day  between  the  infected  control  crosses  (1.7±  0.8)  and  the  uninfected  control 
crosses  (2.0  ± 0.4). 

Restoration  of  Compatibility 

Incompatibilities  similar  to  those  observed  in  the  first  experiment 
(skewed  sex  ratio,  shriveled  eggs,  reduced  numbers  of  progeny)  were 
detected  in  the  crosses  of  HT  females  x RT  males  (Table  4-2).  New 
incompatibilities  were  induced  in  the  R->H  female  x RT  male  crosses,  as 
expected,  with  females  producing  reduced  numbers  of  eggs/female/day  (0.8 
1 0-4),  increased  proportions  of  shriveled  eggs/female/day  (72.9%  ± 32.  8), 
and  no  female  progeny.  The  reciprocal  crosses  (RT  female  x R->H  male) 
produced  a mean  of  1.8  ± 0.5  eggs/female/day,  only  4.7%  ± 6.1  of  those  eggs 
shriveled,  and  52%  of  the  adult  progeny  were  females. 

R ->H  (cured)  females  crossed  with  HT  (cured)  males  and  the 
reciprocal  cross  (HT  female  x R->H  male)  were  compatible,  as  expected 
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(Table  4-2).  The  mean  number  of  eggs/fetnale/day  in  the  crosses  was  2.8  ± 02 
and  2.6  ± 0.4,  respectively,  and  the  mean  percentage  of  shriveled  eggs  was 
2,8%  ± 68  and  1.7%  ± 3.7,  respectively.  The  compaBhility  of  HT  females  with 
RT  males  was  therefore  restored  in  experiment  two  when  the  males  were 
subsequently  heat-treated  (R->H)  (Table  4-2).  These  results  indicate  the 
incompatibilities  are  due  to  a heat-sensitive  cytoplasmic  hactor,  arrd  are  not 
due  to  nuclear  genetic  differences. 

As  in  experiment  1,  the  sex  ratio  ir\  the  RT  x RT  crosses  was  more  male- 
biased  (59%  males)  than  expected  (Table  4-2),  so  two  crosses  determined  to  be 
incompatible  based  on  a compatibility  index  were  excluded  in  an  additional 
analysis.  The  compatibility  index  was  calculated  as:  (the  number  of  viable 
eggs  * number  of  daughters  - number  of  shriveled  eggs)  10.  Crosses  were 
scored  as  compatible  if  Che  Compatibility  Index  was  greater  than  0.35  and 
Incompatible  (uninfected)  when  less  than  0.35.  The  fltieshold  value  of  085 
clearly  separated  the  two  types.  The  appearance  of  an  unexpected 
incompatible  cross  could  be  due  to  imperfect  maternal  transmission  of  the 
Wolbachia  to  a daughter,  which  is  known  to  happen  in  insects  (Turelli  cl  ai, 
1992).  The  percentage  of  males  initially  calculated  as  59.4  ± 22.3  changed  to 
50.4  ± 10.9.  This  male-biased  sex  ratio  is  still  higher  than  expected,  but  not 
significantly  higher  than  the  cured  control  crosses.  However,  as  in  the 
previous  experiment  (after  eliminating  the  two  unexpected  "incompatible" 
crosses),  the  mean  number  of  eggs/  female/  day  in  the  infected  (RTx  RT) 
control  crosses  (2.06  ± 0.4)  was  not  significondy  different  than  in  the  HT  x HT 
(2.36  ± 0.45)  and  R->H  (2 35  ± 0.68)  uninfected  control  crosses  at  alpha  < 0.05. 


Infection  Status 


The  initiai  PCi^  tests  were  in  agreement  with  past  studies  Otthanowica 
and  Hoy,  1996;  Chapter  2).  All  three  pooled  samples  from  mites  held  at  24°C 
(RT)  were  positive  for  Wolbachia  by  the  PCK,  and  the  line  reared  at  33°C  (HT) 
had  undetectable  amounts  of  tVoltndi/o  in  all  three  of  the  samples  tested.  The 
PCR  assay  with  fisZ  primers  at  the  end  of  the  second  experiment  indicated 
none  of  10  HT  females  were  positive  for  Wolbachia  as  expected,  none  of  10 
R“>H  females  were  positive  as  expected,  and  12  of  20  RT  females  were 
positive.  Possible  reasons  why  8 of  the  20  RT  females  were  not  positive 
include  loss  of  the  symbiont  in  some  individuals  over  time  due  to  laboratory 
rearing  stresses  (crowding  and/or  nutritional  stresses  affect  Wolbachia  density 
m Drosophila  simulons  (Sinkins  cl  al,  1995a)),  or  low  symbiont  titers  in  the 
minute  eggs  of  the  individuals  and  subsequent  failure  of  the  PCR. 

Discussion 

These  experiments  demonstrate  that  the  temperature  at  which  M. 
occidtalalis  is  reared  can  be  used  to  induce  or  eliminate  nonreciprocal 
reproductive  incompatibility  associated  with  the  presence  or  absence  of 
tVelbdchia  in  M.  occhic/ilolis.  Incompatibility  was  induced  between  HT  (cured) 
females  and  RT  (Infected)  males  of  an  inbred  line.  Compatibility  between  the 
two  lines  was  subsequently  restored  when  the  males  from  the  room- 
temperature  line  were  heat  treated  (R->H)  and  crossed  with  the  HT  females. 
The  nonreciprocal  nature  of  the  incompatibilities  and  the  ability  to  restore 
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compatibility  indicates  a heat-sensitive  cytoplasmic  agent  is  responsible  for 
the  observed  results.  One  cytoplasmic  difference  associated  with  the 
incompatibility  is  the  presence  or  absence  of  IVefiuic/iia  endosymbionis  as 
assayed  by  the  PCR.  The  PCR  results  indicate  Woliaclrm  is  present  in  the  RT 
lirte  and  eliminated  in  the  HT  mites.  Although  there  could  be  some  other 
unknown  cytoplasmic  factor  responsible  for  the  observed  resixJts,  the  data  are 
consistent  with  what  is  currently  known  about  the  effects  of  Wolbarjiia  on 
reproductive  incompalibililies  in  insects. 

Wefhrcftfa'mediated  incompatibilities  in  arthropods  have  various 
effects  on  progeny  number  and  sex  ratio  based  on  the  geneKc  system  and  the 
taxonomic  group.  M.  occiiienl/ilis  (Arachnidar  Acari:  Gamasida:  Phytoseiidaej 
has  a geneHc  system  called  parahaploidy  (Hoy.  1979),  which  is  sometimes 
termed  pseudoarrhenotoky  (Schulten,  1985).  In  parahaploidy,  the  embryos 
destined  to  become  moles  are  derived  from  fertilized  eggs,  but  at  the  onset  of 
the  reduclional  division  24-48  hours  after  egg  deposition,  one  set  of 
chromosomes  (most  likely  the  paternal  set)  becomes  heterochromatinized  and 
excluded  from  the  nucleus,  producing  a haploid  male  (Neison-Rees  ct  ai. 
1980).  Female  embryos  remain  diploid.  The  incompatibility  phenotype 
resulted  in  reduced  progeny  production,  as  in  diplo-diplold  insects  (e.  g. 
Insecia:  Dipteia,  Coieoptera),  and  skewed,  highly  male-biased  sex  ratios,  as  m 
haplo-diploid  insects  (e.  g.  Irtsecta;  Hymenoptera)  and  the  mile  T.  orlicffp 
(Arochnida:  Acari:  Actinedida;  Tctranychidae). 

Because  tVoftacliia-medialed  incompatibilities  cause  the  destruction  of 
the  paternal  set  of  chromosomes  in  msecls  (Werren,  1997),  and  because  adult 
males  rather  than  females  were  produced  in  some  of  the  crosses,  these  crosses 
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may  provide  Further  evidence  that  the  paternal  set  of  chromosomes  is  the  set 
which  is  eliminated  during  the  embryonic  development  of  these  parahaploid 
mites  (Hoy,  1965).  The  reduced  numbers  of  mate  progeny  produced  may  be 
due  to  the  effects  of  Wolbaeliia  on  the  paternal  set  of  chromosomes  very  early 
in  development.  Hoy  (1979)  found  both  the  maternal  and  paternal  sets  are 
initially  necessary  for  normal  development  In  M.  oeeidenlalU  males.  The 
fertility  of  the  few  surviving  male  progeny  is  unknown. 

The  presence  of  incompatibilities,  like  those  due  to  Wolbachia  infection, 
have  potentially  interesting  consequences  for  biological  control  programs. 
Some  of  the  results  are  similar  to  those  seen  in  previous  hybridization  studies 
where  twit  phytoselid  populations  were  crossed  to  determine  their  species 
status  (Croft,  1970;  McMurtry  el  oL,  1976;  McMurtry,  I960;  McMumy  and 
Badii,  1989).  h may  be  important  to  consider  whether  IVe/hsc/iia-mediated  or 
heat-induced  incompatibilities  occur  when  crossing  miles  from  different 
origins  or  environmental  conditions.  Variations  in  presence,  absence,  or 
density  of  this  symbiont  have  been  detected  In  field  populations  of  Insects, 
perhaps  due  to  naturally-occurring  antibiotics  (Hoffmann  el  at.,  1990),  high 
temperatures,  or  diapause  (Perrot-Minnot  el  al,  1996).  Wolbachia  density  may 
affect  expression  of  incompatibility  in  some  insects  (Breeuwer  and  Werren, 
1993,  Sinkins  etol,  1995a).  Two  PCR  surveys  for  Woffmctiffl  in  phytoseiids 
found  both  infected  and  uninfected  populations  in  the  field  and  In  the 
laboratory.  (Breeuwer  and  Jacobs,  1996;  Johanowicz  and  Hoy,  1996;  Chapter  2), 
which  could  account  for  some  of  the  previous  reports  of  nonrcciprocal 


between  phytoseiid  populations. 


Despite  extensive  inbreeding  for  these  experiments,  the  reproductive 
parameters  (egg  production,  immature  mortality)  measured  in  the  parental 
crosses  appear  normal.  Previous  studies  by  Hoy  (1977)  also  found  that  this 
species  is  loferanl  of  inbreeding. 

There  was,  however,  a slight  male-bias  in  the  sex  ratio  of  the  RT 
parental  control  crosses  (Tables  4-1  and  4-2).  This  could  be  due  to  the 
inclusion  of  a few  unexpected  incompatible  control  crosses  in  the  analysis. 
Imperfect  malerna!  transmission  of  the  symbiont  to  the  females  used  in  the 
incompatible  crosses  may  be  responsible  for  the  unexpected 
incompatibilities,  as  has  been  demortstrated  In  DrasopfrfJa  simulans  SturtevanI 
(Turelli  cl  of.,  1992).  After  removing  those  RT  control  crosses  determined  to 
be  incompatible,  the  bias  did  not  decline  in  the  first  experiment  (both  nearly 
62%  males),  but  it  did  decline  in  the  second  experiment,  from  approximately 
60%  males  to  slightly  more  than  50%  males,  which  is  still  higher  than 
expected.  Following  theotehcal  predictions  by  Hamilton  (1967)  and  Nunney 
(19S5)  based  on  inbreeding  potential  and  local  mate  competition,  sex  ratios 
should  be  female-biased  as  an  adaptive  response  to  low  foundress  density  in  a 
subdivided  population  structure.  A subdivided  populahon  structure  is 
common  in  phytoseiids  which  specialize  in  patchily  distributed  spider  mites 
(Sabelis  and  Nagelkerke,  1993).  Therefore,  a female  biased  sex  ratio  is 
expected  to  occur  in  M.  ocddenlaiis.  The  sex  ratio  of  M.  occidaitalis  can  be  as 
high  as  50%  male  in  the  laboratory  (Lee  and  Davis,  1968),  but  is  usually 
female-biased,  with  approximalely  33%  males  (Bruce-OIiver  and  Hoy,  1990; 
TanigoshI  el  «).,  1975).  Nagelkerke  and  Sabelis  (1991)  found  similar  female- 
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biased  sex  ratios  of  M.  CKcidenlalis  when  the  mothers  were  isolated  on  their 
own  leaf  arenas. 

The  male-bias  declined  (60%  ->  35%)  after  the  RT  line  was  subjected  to 
heat  (R— >H).  This  indicated  a nuclear  genetic  comporxent  was  not  responsible 
for  the  bias.  In  addition,  the  bias  was  not  due  to  the  mothers  having  "precise 
control"  of  their  progeny  sex  ratio  as  a response  to  prey  and  conspeciHc 
density,  as  observed  by  Nagelkerke  and  Sabelis  (1991),  because  all  of  these 
crosses  had  similar  prey  density  and  other  environmental  conditiorts.  Rather, 
a heat-sensitive  cytoplasmic  factor,  most  likely  Wotbachia,  is  responsible  for 
the  reduced  production  of  daughters  in  the  infected  mites.  Fecundity  losses 
associated  with  WotbKiua  infection  have  been  detected  in  insects  (Hoffmann 
and  Turelli,  196S),  and  these  results  suggest  that  in  addition  to  the  inducKon 
of  nonreciprocal  reproductive  incompatibility,  there  also  may  be  negative 
fitness  costs  due  to  WuibiicUia  infection  in  M.  occiiienlnUs. 
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Figure  4-2.  Normal  and  shriveled  eggs  of  M.  occidentalis.  Normal  T.  urricoi 
eggs  and  shriveled  eggs  after  beictg  partially  consumed  by  M.  occWenlalis. 


CHAPTER  5 

WOLBACHM  INFECTION  DYNAMICS  IN  EXPERIMENTAL 
LABORATORY  POPULATIONS  OF  METASEfULUS  OCCIDENTALIS 

Introduction 

Wcp(iMc/ii(t  symbionts  are  responsible  for  numerous  reproductive 
alterations  in  arthropods,  including  nonreciprocal  reproductive 
incompatibilities  between  uninfected  females  and  infected  males  (reviewed 
by  Werren,  1997),  When  both  infected  and  uninfected  individuals  are  present 
in  a population,  these  nonreciprocal  incompatibilities  translate  into  a 
selective  advantage  to  infected  females  (Caspar!  and  Watson,  1959;  TureUi  and 
Hoffmann,  1991).  This  is  because  infected  females  can  reproduce  normally 
with  any  male  they  encounter,  while  uninfected  females  mated  with  infected 
males  produce  few  or  no  progeny. 

Since  Walbaehm  is  transovarially  transmitted,  the  reproductive 
advantage  of  infected  females  theoretically  acts  to  rapidly  increase  the 
prevalence  of  Wolbadiia  infected  hosts  in  a population  (Caspori  and  Watson, 
1959;  Fine,  1978;  Hurst,  1991;  Stevens  and  Wade,  1990;  Hoffmann  el  ai,  1990; 
Turelli  and  Hoffmann,  1991).  Caspar!  and  Watson  (1959)  developed  a set  of 
theoretical,  analytical  models  describing  the  dynamics  and  equilibria  of  the 
"incompatibility  factor",  now  known  to  be  Wolbachia.  They  assumed  total 
incompatibility  between  the  proportion  of  males  infected  (designated  by  the 
letter  "a")  and  the  proportion  of  uninfected  females  ("b"),  panmixis,  a 1:1  sex 
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ralio,  complete  mafemal  transfer,  and  a fecundity  benefit  (S)  was  associated 
with  the  uninfected  type  (that  is,  a fecundity  cost  to  those  infected).  Their 
equation  to  predict  the  prevalence  of  b (uninfected)  females  in  the  following 
generation  b'  is  written  as 

fi  _ Sb- 

Sb^-t-ab+a^ 

which  can  be  rewritten  using  the  more  common  terms  to  describe  the  Hardy- 
Weinberg  law  (Roughgarden,  1979).  Here,  p,=  proportion  of  infected 
individuals  at  time  I,  qj~  \ ~p,~  proportion  of  uninfected  individuals  at  time 
I,  and  If,  is  the  fitness  cost  associated  with  infection  (ti>,  < 1),  and  is  written  as 

Note  the  lack  of  a "2pq"  term  in  the  denomirtator  to  describe  the 
frequency  of  the  "hybrids"  in  a population,  as  is  the  case  in  Hardy-Weinberg 
equilibria  when  both  hybrids  are  the  same.  In  the  case  of  tVelbac/rfe'induced 
incompatiblities,  one  of  the  hybrids  is  inviable,  and  the  other  hybrid  carries 
the  tVefeac/iia. 

Caspar!  and  Watson's  model  predicts  that  if  there  is  a fitness  cost  to 
infection  then,  using  the  form  in  equation  (1),  there  are  three  equilibrium 
points  (pV  for  p,  the  frequency  of  Wolbacim  infection.  These  are  p'=  (0, 1-ie,  1). 
Zero  and  one  are  stable,  attracting  points,  with  the  unstable  threshold  point,  1- 
w,  in  between,  if  we  start  with  p below  1-tu,  then  the  system  is  attracted  to  zero 
frequency  of  Wolbachia  infection;  if  we  start  with  p above  l-te,  the  system  is 
attracted  to  fixation  of  We/lwc/iin  at  frequency  one. 

Models  by  Fine  (1979)  and  Hoffmann  ef  al.  (1990)  expand  on  Caspar) 


and  Watson's  initial  work  with  . 


s,  but  include  three 
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important  parameters  which  affect  the  stable  and  unstable  equilibria.  One 
parameter  is  the  proportional  failure  of  a mother  to  transmit  Wolbachui  to  her 
offspring  (imperfect  maternal  transmission;  fi).  The  second  is  the  proportion 
of  progeny  produced  by  the  incompatible  crosses  relative  to  the  compatible 
crosses,  called  "hatchabilily"  (H).  The  third  is  die  rebtive  fitness  of  infecled 
matings  relative  to  uninfected  matings  (F),  usually  measured  in  terms  of 
productivity  (Hoffmann  et  ai,  1990;  Tureiii  and  Hoffmann,  1995).  In  these 
models,  one  stable  point  is  zero,  and  the  other  moves  away  from  fixation,  so 
both  infected  and  uninfected  individuals  can  coexist  in  a populaKon  if  Ihere 
is  imperfect  maternal  transmission,  The  models  by  Fine  (1979)  and  Hoffmann 
rl  fl(,  (1990)  also  predict  unstable  frequencies,  which  would  prevent  IValfwcfiin 
from  spreading  through  a population  if  it  is  sufficiently  rare.  The  more 
elaborate  model  by  Hoffmann  el  al.  (1990),  which  lakes  into  account  a 
modiHed  dynamical  behavior  due  to  inclusion  of  t)ie  additional  parameters, 
predicts  that 


p,(l-p)(l-s,) 


(2) 


s,=  l -F;  5,=  1 -H;  andp,  = proportion  of  infecled  individuals.  The 
equations  describing  the  slable  (p.)  and  unstable  equilibria  (p.)  arc  therefore 

_ -n.+V(s,  *s.)'  -«(J,  ■t-ftF>.(l -tiF) 

2s.d-pF) 

s , + 1,  - i/(i,  + 1, )’  - 4{  j, + nF)s,  ( 1 - pF) 

2s.(l-fiF) 


Again,  the  unstable  Frequencies  are  sensitive  to  the  fitness  costs  of  infection 
{Turelli  and  Hoffmann,  1995). 

Laboratory  studies  have  documented  the  "spread"  of  VVofbacfifa  in 
population  cage  studies  (Hoffmann  cl  a/.,  1990;  Sinkins  cl  of.,  1995b).  When  an 
intermediate  proportion  of  infected  and  uninfected  D.  simuians  were  placed 
in  population  cages,  the  proportion  of  Wofbacfiia'infected  individuals 
irtcreased  rapidly  within  5-10  generations  to  approximately  80-95% 

(Hoffmann  cl  a/.,  1990).  "nte  spread  of  Wolbac/iia  was  also  "accidentally" 
discovered  in  a study  by  Sinkins  cl  al.  (1995b).  After  microinjecting  Wefboefria- 
Infected  0.  iimulans  with  a new  strain  of  WolbacUiOr  they  found  that  only  10% 
of  the  individuals  in  a population  harbored  the  double  infection.  They 
subsequently  monitored  the  fate  of  this  double  infection,  and  found  it 
increased  from  an  initial  prevalence  of  10%  to  over  90%  in  only  12  generations 
(Sinkins  cl  a/.,  1995b). 

Field  studies  have  documented  the  increases  of  individuals  infected 
with  Wolbachia  in  natural  D.  simuians  populations  in  California  (Turelli  and 
Hoffmann,  1991;  1995).  These  authors  found  that  the  proportion  of  infected 
individuals,  first  discovered  in  Southern  California,  has  increased  within 
various  local  populations  to  a stable  frequency  of  approximately  0.94,  and  the 
proportion  appears  to  be  increasing  to  that  level  in  other  local  populations. 
This  stable  equilibrium  of  0.94  is  similar  to  the  frequency  predicted  by  the 
theoretical  models  using  the  appropriate  parameter  values.  In  addition  to  the 
spread  of  infections  within  local  populations,  the  infection  is  also  spreading 
northward  at  approximately  100  km  pet  year  (Turelli  and  Hoffmann,  1991; 
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TurelM  el  ai,  1992).  Field  studies  indicated  that  one  particular  mitochondrial 
variant  is  spreading  along  with  the  Waibaciua  by  "hitchhiking"  with  the 
infected  cylotype  (Turelli  el  al.,  1992). 

Several  studies  are  in  progress  to  genetically  engineer  and  improve 
arthropods,  for  example,  to  be  refractory  to  disease  agents  such  as  malaria 
parasites  (Beard  el  el.,  1993).  However,  the  success  of  any  genetic  control 
strategy  that  uses  transgenes  will  depend  on  a mechanism  which  will  favor 
the  spread  of  the  introduced  genes  through  natural  populations  (Evarts,  1993). 
The  ability  of  Wolbaehie  and  its  associated  cytoplasmic  elements,  like 
mitochondria  or  other  symbionts,  to  spread  through  a population  might  be 
harnessed  as  a mechanism  to  "drive"  desired  traits  through  wild-type,  natural 
populations.  This  could  happen  if  the  transgene  "hitchhikes"  with  the 
infected  cytoplasm  (Curtis,  1992;  Beard  el  ai.  1993).  However,  the  dynamics  of 
Wo/lmc/iia  are  complex  (Turelli,  1994,  Prout,  1994),  so  dala  on  the  ability  of 
Wolbechm  to  spread  through  populations  are  necessary  to  evaluate  the 
feasibility  of  this  mechanism  in  various  arthiopods. 

Previous  studies  [Chapter  4)  indicate  Wolbachin  in  the  predatory  mite 
Melaseinlus  eccidrrilalis  is  associated  with  strong  nonreciprocal  reproductive 
incompatiblities  between  infected  males  and  uninfected  females.  M. 
occidentalis  has  traditionally  been  used  in  ecological  studies  because  of  its 
rapid  generation  fime  and  ease  of  rearing  (e.  g„  Huffaker,  1958),  and  it  is  a 
subject  of  genetic  improvement  programs  (Hoy,  1985;  1994).  For  these 
reasons,  1 chose  to  cottduct  an  experiment  to  evaluate  the  potential  of 
IVollwchifl  to  spread  through  experimental  laboratory  populations  of  M. 


oecldentalis. 
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Tliis  chapler  reporls  the  dynamics  of  Wolbachia  infection  In 
polymorphic  laboratory  populations  of  M.  occuienialis  over  12  generations 
with  a low  initial  infection  frequency  of  D.l.  This  low  initial  infection 
frequency  was  chosen  because  it  is  likely  to  provide  an  appropriate  test  of  the 
theory  under  realistic  situations.  Because  of  difficulties  in  estimating 
absolute  population  densities  (Proverbs,  1974;  Caprio  et  ai,  1991),  and  in  mass 
rearing  high  quality  arthropods  ineapertsively  (Bush,  1979;  Marroquin,  19B5; 
Mueller-BeilschmidI  and  Hoy,  1987;  Hoy  el  ai.,  1991;  Hoy,  1994),  the  number  of 
WeibaciiM-infected  arthropods  released  as  part  of  any  arthropod  management 
project  may  not  be  mote  than  10%  of  the  wild-type  population  in  a given  area. 

Methods 

Mite  Maintenance  and  Sources 

Metasriuiirs  Kcidenlatis  were  maintained  at  the  University  of  Rorida 
and  reared  as  previously  described  (Roush  and  Hoy,  1981;  Hoy  eloi,  1982). 

The  two-spotted  spider  mites,  Tciranyciiiis  urlicae  Korit,  were  raised  on  pinto 
bean,  Phaseolus  vulgaris  L.,  plants  in  a greenhouse  at  the  University  of  Florida- 
GainesvUle.  Genefically  similar  infected  and  heat-cured  M.  oecidentatis  were 
used  for  the  experiments.  They  were  initialed  one  year  prior  to  this 
experiment,  initially  for  the  experiments  in  Chapter  4,  by  isolating  one  gravid 
female,  allowing  her  progeny  to  sib  mate,  removing  one  gravid  female,  and 
repeating  this  procedure  for  four  generafions  at  24*C,  Two  of  the  resuitmg 
gravid  generation  hve  (C5)  females  were  used  to  initiate  two  new  lines;  one 
line  (RT)  was  mainlained  at  normal  rearing  temperatures  (24*C),  and  the 


second  line  was  held  at  33"C  (HT),  The  presence  of  Wolbachia  in  at  least  60% 
of  the  individuals  from  the  RT  line,  and  its  absence  in  the  HT  line,  was 
confirmed  by  PCR  of  the fIsZ  gene  (Chapter  4)  two  months  prior  to  this  study. 

Three  replicate  populations  of  the  RT  and  HT  lirtes  were  initiated  at  the 
start  of  this  study  by  moving  100  eggs  to  new  population  cages.  These 
populations  were  designated  as  RT-  and  HT-  1, 2,  and  3.  A third  line  was  also 
initiated  in  triplicate  for  this  study  to  assess  the  stability  of  heat-curing  when 
the  heat-treated  mites  are  Icept  at  normal  rearing  temperatures  (H->R).  (n 
addition  to  these  three  control  conditions,  the  "mixed"  (polymorphic) 
experimental  populations  were  initiated  in  triplicate  with  ten  eggs  from  the 
infected  RT  population  and  90  eggs  from  Che  HT  (cured)  populations. 

The  RT,  H->R,  and  mixed  pt>pulations  remained  at  norxztal  rearing 
temperatures  for  the  duration  of  this  experiment.  Each  population  was 
subcultured  every  3 weeks  (to  reduce  crowding  and  fungal  contamination) 
by  moving  125  randomly-selected  gravid  females  (of  approximately  400)  to  a 
new  population  arena.  The  food  sources  of  the  predators  were  monitored  to 
avoid  contamination  of  the  populations.  In  addition,  the  population  arenas 
were  housed  separately  in  polypropylene  boxes,  lined  on  the  inside  with  a 
thick,  4 cm-wide  band  of  petroleum  jelly  to  discourage  movement  in  and  out 
of  the  boxes. 

Progeny  Testing  for  Compatibility 

An  assay  method  called  "progeny  Icsfing"  has  been  used  to  estimate 
the  proportions  of  infected  individuals  in  a population  (Hoffmann  rt  of., 

1990).  These  assays  are  conducted  by  introducing  infected  males  to  females  of 


unknown  Wolbairliia  slalus,  and  the  number  of  compatible  test  crosses  is  used 
to  estimate  the  proportion  of  females  infected  with  Wofiucftia. 

Alternatively,  a Polymerase  Chain  Reaction  (PCR)  assay  for  Wolbachin 
infection  can  be  used  (O'Neill  el  al„  1992:  Werrenef  al.,  1995;  Turelli  and 
Koffmaxtn,  1995}.  A PCR-based  assay  has  been  demonstrated  to  be  simpler 
and  equally  effective  in  predicting  infection  status  in  D.  simuhns  (Turelli  and 
Hoffmann,  1995).  In  M.  Kciileiilnlis.  a PCR-based  assay  can  be  problematic 
because  of  their  small  size  and  the  possibility  of  false-positive  signals  from 
their  diet  of  IVe/lucfiie-infected  spider  mites  (Johanowicz  and  Hoy,  1996; 
Chapter  2).  A PCR-  based  assay  for  Wolbnchto  necessitates  starving  the  mites 
before  DNA  extraction  or  collecting  and  combining  eggs  from  individual 
females  for  subsequent  DNA  extractions  and  hemi-nested  PCR  reactions 
(Chapter  5).  Previous  studies  also  have  indicated  that  the  ntliability  of  the 
PCR  assay  on  these  eggs  may  be  questionable  (Chapter  4),  and  that  storage  of 
DNA  extractions  reduced  the  sensitivity  of  the  PCR  (Chapter  2).  I have 
therefore  chosen  to  use  a progeny  testing  bioassay,  rather  than  a PCR  assay,  to 
determine  the  infection  status  of  individual  M.  ocddenlalis. 

To  obtain  the  virgin  individuals  for  the  test  crosses,  eggs  or  newly 
edosed  larvae  from  each  of  the  colonies  were  isolated  on  leaf  discs  with  prey, 
allowed  to  mature  to  adults,  snd  sexed.  To  obtain  adequate  numbers  of 
females  for  the  test  crosses,  50  eggs  or  larvae  were  isolated  from  each  of  the 
populations,  with  the  exception  of  the  RT  populations.  To  obtain  adequate 
numbers  of  young,  virgin,  infected  males  for  the  test  crosses,  100  individuals 
were  isolated  from  each  of  the  three  RT  populations,  and  approximately  500 


more  were  isolaled  from  the  RT  base  colonies.  The  RT  base  colonies  were 
maintained  under  the  same  conditions  as  the  other  replicate  populations. 

Crosses  were  conducted  on  detached  pinto  bean  leaves  cm  water 
soaked  cotton.  The  leaves  were  infested  with  all  stages  of  spider  mites  as 
prey.  Experiments  were  performed  under  constant  light  at  24-27“C  and  45- 
70%  RH.  Twenty,  single-pair  test  crosses  were  initiated  for  each  replicate 
(three  replicates)  of  the  four  different  populations  (RT,  HT,  H->R.  and  mix), 
for  a total  of  240  crosses.  Each  test  cross  consisted  of  one  randomly  chosen  RT 
(infected)  male  introduced  to  a randomly  chosen  female  isolated  from  the 
various  populations.  They  were  allowed  to  mate,  and  the  females  were 
allowed  to  deposit  eggs  for  a total  of  four  days  after  they  were  determined  to 
be  gravid  (signaling  they  have  mated).  The  location  of  the  newly-deposited 
eggs  was  marked  daily  with  India  ink  to  make  relocaKng  them  easier.  The 
number  of  shriveled  and  normal  eggs,  surviving  progeny,  and  the  progeny 
sex  ratio  was  recorded  daily.  The  experimeni  was  repealed  four  limes,  at 
weeks  3. 6, 9,  and  12,  for  a total  of  960  test  crosses.  One  week  corresponds  to 
one  generation  in  A4.  KcicUiUaih.  Females  which  never  became  gravid,  died,  or 
disappeared  were  excluded  from  analysis. 

Compatibility  Index 

Crosses  were  scored  for  the  number  of  viable  eggs,  number  of 
shriveled  eggs,  and  sex  ratio  of  resulting  progeny.  IncompatibUity  is 
associated  with  low  numbers  of  viable  eggs,  a high  degree  of  egg  shriveling, 
and  a strongly  male-biased  sex  ratio  (Chapter  4).  A Compatibility  Index  was 
designed  to  include  all  three  aspects  of  incompatibility  when  determining 
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infection  status:  (the  number  of  viable  eggs  + number  of  daughters  - number 
of  shriveled  eggs)  * 10.  Crosses  were  scored  as  compatible  if  the 
Compatibility  Index  was  greater  than  0.35,  and  incompatible  when  less  than 
0.35.  The  threshold  value  of  0.35  clearly  separated  the  two  types  based  on  the 
results  of  the  control  crosses,  and  corresponded  to  one'fourth  of  the  mean 
Compatibility  Index  value  of  the  infected  control  crosses.  The  proportions  of 
compatible  crosses  for  each  treatment  type  (RT,  H->R,  HT,  mix)  were 
evaluated  by  using  a simple  regression  analysis  to  check  for  significant 
deviations  of  the  slope  from  zero  fStatView;  Abacus  Concepts,  1992].  An 
increase  in  compatibility  over  12  generations  (spread  of  fVefbacfiia]  would  be 
accompanied  by  an  increase  in  slope. 

Unexpected  incompatibility  between  an  "infected"  female  and  an 
"infected"  male  could  mean  that  the  Wolbuchia  was  not  efficiently  transmitted 
to  that  female  used  in  the  cross.  Likewise,  unexpected  compatibility  between 
a "cured"  female  and  "infected"  male  could  mean  that  the  Wolbnchiii  was  not 
efficiently  transmitted  to  that  mate.  To  esbmate  the  inefficiency  of  maternal 
transfer  of  Wolbadiia  (p)  (proporKonal  failure  of  fransmission],  1 summed  Hte 
number  of  "unexpecfed"  compatible  or  incompatible  control  lest  crosses  and 
divided  by  the  total  number  of  contiol  test  crosses. 

To  estimate  of  the  hatchability  "H"  of  the  incompatible  crosses  relative 
to  the  compaHble  crosses,  1 divided  Ihe  mean  number  of  viable  eggs 
produced  by  the  incompatible  (HT  x RT  and  H->R  x RT)  crosses  (H,)  by  the 


number  of  viable  eggs  produced  by  Ihe  compatible  (RT  x RT) 


(H,),  so  lhatH  = H/H.. 


Progeny  Testing:  Control  and  Experimental  Populations 

The  proportion  of  compatible  test  crosses  did  not  increase  over  time  in 

these  populations  (Table  5*1).  Regression  analysis  of  the  proportion  of 
compatible  test  crosses  from  the  three  replicates  (mixed  1, 1,  and  3)  over  12 
generations  did  not  indicate  a slope  significantly  different  from  zero  (Figure 
5-1),  Although  the  pooled  data  indicate  no  increase  in  compatibility,  the 
compatibility  of  the  mixed-1  population  did  increase  to  24%  at  tveek  12. 
However,  an  analysis  of  this  population  atone  also  did  not  yield  a slope 
significantly  different  from  zero.  Additionally,  an  increase  to  24%  from  an 
initial  infection  frequency  of  10%  would  not  be  considered  the  "rapid" 
increase  in  Wofbachia  infection  that  has  been  observed  in  other  studies. 

The  proportion  of  compatible  test  crosses  in  the  RT  (infected]  control 
populations  (Table  5-1)  did  not  decrease  over  lime,  as  expected.  A small 
proportion  of  Ihe  lest  crosses  were  unexpectedly  incompatible  (1  - proportion 
of  compatible  crosses;  Table  5-1),  perhaps  indicating  Violbachh  was  not  perfectly 
transmitted  to  the  females  used  in  those  test  crosses.  A similar  phenomenon 
was  noted  in  Chapter  4.  Compatibility  did  not  significantly  increase  in  the 
crosses  between  Ihe  heat-treated  populations  returned  to  normal  rearing 
conditions  (H->R),  indicating  curing  by  heat-treatment  is  stable  under  these 
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condiKons.  Regression  enalysis  of  the  HT  {cured}  populations  indicated  the 
slope  (Q.001)  was  significantly  different  from  zero,  although  the  significance  of 
this  small  increase  in  the  proportion  of  compatible  test  crosses  probably  does 
not  mean  that  Wolbacliia  was  appearing  in  this  heat-treated  line,  since  it  was 
kept  at  33°C  throughout  the  study. 

Parameter  Estimates 

Table  5-1  reports  the  mean  number  of  viable  eggs  per  female  per  4 
days,  mean  number  of  shriveled  eggs,  and  mean  number  of  daughters 
produced  for  each  replicate  of  each  treatment  throughout  the  study,  as  well 
as  the  proportion  of  the  test  crosses  defined  as  compatible. 

The  occurrence  of  unexpected  compatibility  {e-  g.  HT  x RT  rep.  3,  week 
12)  or  incompatibility  (e.  g.  RT  x RT  rep-  3,  week  12)  in  the  control  crosses  can 
be  most  easily  explained  by  imperfect  maternal  transmission  of  Wolbachia  (p  > 
0).  There  were  31  control  crosses  with  "unexpected"  compatibilities  or 
incompatibilities  out  of  599  total  control  crosses  iji  = 0.05).  This  estimate  of 
Wolbaehia  transmission  inefficiency  is  within  the  range  reported  for  insects  (p 
= 0-0.1)(Werren,  1997). 

The  second  parameter  estimated  in  this  experiment  was  hatchability 
(H).  Using  the  relative  numbers  of  viable  eggs  as  the  measure,  I estimated  the 
hatchability  (H/H,)  ratio  of  incompatible  to  crosses  compatible  crosses  as  0.11. 
When  substituting  the  relative  number  of  viable  daughters  produced  instead 
of  viable  eggs,  this  hatchability  estimate  decreases  to  0.04.  This  dramatic 
decrease  io  daughter  production  in  the  incompatible  cross  was  detected  in 
previous  studies  (Chapter  4;  Hoy  and  Knop,  1981;  Hoy  and  Standow,  1982; 


Hoy  and  Cave,  19SS),  and  may  reflect  the  effects  of  Wolbachio  on  the  genetic 
system  of  M-  occideiifafis  (parahaploidy).  In  parahaploidy,  both  male  and 
female  embryos  ace  diploid,  but  the  sons  lose  the  paternal  chromosomes 
during  embryonic  development  (Hoy,  1979;  Nelson-Rees  cf  a/-,  1980).  Since 
IVo/boc/iifl-induced  incompatibilities  modify  the  paternal  set  of  chromosomes 
(Werren,  1997),  the  M.  occidenlalis  sons  may  be  less  affected  by  this 
IncompaKbility  mechanism  relative  to  daughters,  because  their  paternal  set  of 
chromosomes  will  be  eliminated  eventually  anyway.  Regardless  of  which 
estimate  is  considered,  both  indicate  a strong  incompatibility  relative  to  other 
Wo/bflcftin-host  associations  (Clancey  and  Hoffmann,  1997). 

Discussion 

The  bioassays  conducted  to  estimate  changes  in  Wefbacfifa-infection 
frequency  over  twelve  generations  of  M.  {Kcideutalis  did  not  indicate  a rapid 
increase  when  Ihe  initial  infection  frequency  was  0.10.  The  following  non- 
mutually  exclusive  reasons  may  explain  why  the  Walbachiii  infection  failed  to 
spread  rapidly  in  these  M.  acac/^ita/is  populations. 

Rcmating  may  be  important  in  maintaining  uninfected  progeny  and 
reducing  the  spread  of  WoWacbm  in  a population  (Hoffmann  at  nl.,  1990).  A4. 
oceidffniaiis  females  can  mate  multiple  limes  (Hoy  and  Smilanick,  1979),  which 
increases  Ihe  chance  that  uninfected  females  will  male  successfully  with 
uninfected  males  within  their  reproductive  life  span. 

Two  assumptions  inherent  In  Ihe  modeb  describing  the  prevalence  of 
Wolbachia  in  polymorphic  populations  are  even  (1:1)  sex  ratio  and  panmbds. 


Th«  "nomiDr  3cx  ratio  of  M.  occidentalis  violates  the  assumption  of  a 1:1  sex 
ratio  (Lee  and  Davis,  1966;  Nagelkerke  and  Sabelis,  1991).  The  assumption  of 
panmixia  may  also  be  violated,  which  could  influence  the  spread  of  the 
symbiont  (Hoffmann  and  Turelli  1966).  M,  occictentalh  populations  are  not 
necessarily  panmictic  (Hoy,  1962),  Non-random  mating  due  to  behavioral 
mating  biases  also  has  been  documented  in  the  laboratory  (Hoy  and  Cave, 
1968). 

Previous  studies  conducted  during  genetic  control  programs  of  other 
arthropods  determined  that  the  assumptions  of  panmixis  are  often  violated, 
and  may  interfere  with  implementation  of  the  programs.  Smith  (1973)  found 
that  wild-type  screwworm  (CtxWiomyta  jwmnivorax  Coquerel)  females  could 
discriminate  between  wild-type  and  sterile  males.  Additionally,  Dieleman 
and  Overmecr  (1972)  discovered  that  when  incompatible  male  spider  mites 
(7.  iirlicof)  were  released  into  glasshouses  in  a program  analogous  to  the 
sterile  insect  release  method  (SIRM),  female  spider  mites  preferred  mating 
with  compatible  males  rather  than  the  incompatible  mates. 

Perhaps  the  most  important  reason  why  IVollnicItia  did  not  increase  in 
relative  frequency  in  these  experimental  populations  was  that  the  initial 
infection  frequency  of  10%  may  be  below  an  unstable  equilibria  frequency 
(="lhreshold  frequency").  If  an  infection  frequency  is  initialed  below  this 
unstable  frequency,  Wolbachia  may  be  prevented  from  spreading,  and  may 
actually  decline  to  wio  (Turelli  and  Hoffmann,  1991). 

When  this  study  was  first  designed,  the  choice  of  an  initial  infection 
frequency  of  0.10  was  influenced  by  a number  of  factors.  For  one,  the  results 
of  Sinkins  at  ai  (1995b)  indicated  that  rapid  "spread"  can  occur  with  an  initial 


frequency  of  just  IfVfo.  Secondly,  the  feasibility  of  releasing  more  than  10%  of 
the  absolute  population  density  in  an  arthropod  management  program  is 
questionable.  Lastly,  the  fitness  costs  due  to  infection  were  initially 
interpreted  in  terms  of  "progeny  production",  as  has  been  done  for  the  other 
studies  using  diplo-diploid  insects  (Stevens  and  Wade,  1990;  Hoffmann  el  of., 
1990).  The  assumption  was  made  that  there  were  no  relahve  fitness  costs  due 
to  infection  because  the  numbers  of  eggs  produced  in  the  infected  va.  the 
uninfected  control  crosses  conducted  in  Chapter  4 were  not  significantly 
different.  With  this  in  mind,  Caspar!  and  Watson  (1959)  predict  that  without 
fitness  costs  due  to  Wolbecliia  infection.  Wo/6acfiia  will  readily  spread  through 
a population,  even  at  low  initial  frequencies. 

In  retrospect,  the  number  of  daughters  produced,  rather  than  total 
progeny  production,  might  be  a more  relevant  measure  of  fecundity  deheita. 
Studies  m Chapter  4 indicate  that  there  are  significant  differences  in  the 
number  of  daughters  produced  in  the  infected  control  crosses  relative  to  the 
uninfected  control  crosses.  Pooling  the  sex  ratio  data  from  control  crosses  in 
the  two  experiments  in  Chapter  4 allows  an  estimate  of  the  relative  fecundity 
(fitness)  between  infected  (RT  x RT)  and  uninfected  (HT  x HT,  R->H  x R->H) 
crosses.  The  mean  number  of  daughlers/f^aie  in  the  infected  control 
crosses  was  2.94  ± 1.39  (after  eliminating  two  incompatible  crosses;  see 
Chapter  4).  The  mean  number  of  daughlers/female  in  the  uninfected  control 
crosses  was  4.86  ± 1.79.  Dividing  the  mean  daughter  production  of  the 
infected  control  crosses  by  the  mean  daughter  production  of  the  uninfected 
control  crosses  yields  a relaHve  fitness  ("F")  of  0.60  for  infected  crosses 
relative  to  uninfected  crosses. 


The  unstable  equilibrium  is  very  sensitive  lo  changes  in  fitness  costs 
(Hoffmann  el  nl„  1990).  Under  the  simplest  model  of  Caspar!  and  Watson 
(1959),  which  assumes  no  progeny  production  by  incompatible  crosses  and 
perfect  maternal  transmission  rates,  the  "threshold  frequency"  equals  the 
fecundity  cost  to  infected  females  (Werren,  1997).  If  we  assume  there  are  no 
fitness  costs  due  to  Wolbaehiii  infection  in  M.  oaidenlalis  based  on  viable  egg 
production  alone,  Wolbaeliia  could  spread  no  matter  how  rare  it  is.  If  the 
fitness  costs  instead  are  measured  in  terms  of  relative  daughter  production 
(0-6),  the  "threshold  frequency"  wouJd  be  0.40  (1  - relative  fitrtess  "F")  in  order 
for  the  infection  to  spread.  This  may  explain  why  Wollucfiin  did  not  spread  in 
the  polymorphic  populations  of  M.  cccidentitlis  in  which  the  initial  frequency 
of  infected  mites  was  only  0-10- 

Using  the  parameter  estimates  of  = 0.05,  H = 0-11,  and  F =0-6  forM. 
oeeidentatis  imder  iaboratory  conditions,  the  model  of  Hoffmann  rl  ai.  (1990), 
predict  an  unstable  equilibrium  frequency  of  0.50,  meaning  that  at  least  50% 
of  the  individuals  needed  lo  be  infected  in  order  for  the  infection  to  ^read. 
Assuming  no  fitness  costs  to  infection,  the  unstable  equilibrium  frequency  is 
predicted  to  be  0.06,  meaning  that  at  least  6%  of  the  individuals  needed  to  be 
infected  in  order  for  the  infection  to  spread.  While  the  accuracy  of  this 
estimate  is  questionable  due  to  violation  of  some  assumptions,  these 
theoretical  models  do  provide  us  with  hypotheses  by  which  future 
experiments  can  be  designed.  Furthermore,  they  indicate  that  sex  ratio  may 
be  important  in  determining  fitness  costs  of  Wolbachk  infection  in  A4. 
oeeidenlelis,  and  perhaps  in  other  parahaploid  species. 


The  ui\slable  equilibrium  frequetrcy  0/  030  for  M.  occirfeiiulis  is  higher 
than  the  one  calculated  by  Tureiii  and  Hoffmann  (1995)  for  D.  simulaiis,  which 
ranged  between  0.08  (with  no  fitness  costs)  and  0.19  (if  relative  fitness  was 
reduced  to  0.95).  However,  other  arthropod-WofiiflcJifa  associations  may  also 
require  high  initial  infection  threshold  frequencies  in  order  for  the  infecHon 
to  rapidly  spread  through  a population.  Stevens  and  Wade  (1990)  report  that, 
due  to  fitnes.s  costs  associated  with  the  symbiont,  the  initial  infection 
frequency  necessary  to  ensure  the  eventual  spread  of  their  Wolbachia  strain 
through  laboratorv  populations  of  Tribolium  confusum  Duv.  was  0.37.  Clancey 
and  Hoffmann  (1997)  report  that,  even  with  strong  levels  of  incompatibility. 
Drosophila  sorrala  transfected  with  a new  strain  of  WolbaMa  suffered  enough 
fitness  costs  and  had  a low  enough  transmission  efficiency  that  the  threshold 
frequency  would  have  to  be  approximately  0.44. 

Because  the  requited  threshold  frequencies  can  be  quite  high,  it  is 
proposed  that  stochastic  events  must  occur  in  subpopulations  (or 
"metapopulations")  in  order  to  allow  the  Infection  to  exceed  this  urtstable 
equilibrium  frequency  on  a 'local'  scale  (Clancey  and  Hoffmartn,  1997).  These 
stochastic  events  could  include  drift,  or  founder  effects  (Roussel  and 
Raymond,  1991);  neighboring  populations  could  also  send  out  infected 
migrants  above  the  threshold  frequency  (Tureiii  and  Hoffmann,  1991). 
Phytoseiid  miles  like  M.  occidcnUlis  are  predators  of  patchily-distributed 
spider  mite  prey  (Sabeiis  and  Nagelkerke,  1993),  and  have  a subdivided 
metapopulation  structure  in  which  founder  effects  are  important  (Caprio  and 
Hoy.  1994).  This  might  allow  rare  infections  to  increase  to  the  threshold 
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frequency  and  eventually  spread  through  larger  populaHons  of  M. 
ocridenJa/is. 

Because  evolution  in  arthropod  host-Waffiacliia  associations  is  a 
dynamic  process,  each  association  should  be  studied  individually  to  assess 
the  potential  for  Wolbnchia  to  spread  through  specific  populations.  This  is 
especially  important  if  a gertetic  control  program  depends  on  the  increase  of 
Waifucfiia'infected  individuals  relative  to  uninfected  individuals  as  a gene 
spreading  mechanism.  Selection  is  expected  to  occur  on  both  hosts  fTurelli, 
1994)  and  Wolbacliia  strains  (TureUi,  1994;  Prout,  1994).  Selection  on  Wotbachia 
strains  would  tend  to  favor  those  with  the  highest  transmission  rates  and 
lower  fecundity  costs  (Turelli,  1994;  Prout,  1994).  Such  strains  could,  as  a 
correlated  response,  then  evolve  to  cause  lower  levels  of  incompatibilifies. 
Strains  with  these  attributes  have  been  detected  in  O.  ntr/atrogoslrr  (Hoffmann 
ft  af.,  1994;  Solignac  el  ill.  1994),  and  even  non-steriliaing  strains  have  been 
found  in  D.  mauntiana  Tsacas  and  David  (Giordano  el  al,,  1995).  The  results  of 
selection  on  hosts  is  more  difficult  to  predict,  but  would  tend  to  favor 
increased  compatibility  between  infected  males  and  uninfected  females 
(Turelli,  1994). 

Further  investigaKon  into  the  dynamics  of  Wolbachia  infection  in  M. 
occidentalis  populatiorts  would  help  answer  some  of  these  questions  raised  in 
this  study.  The  biology  ofM.  Kcidenlalie  violates  the  assumptions  of  equal  sex 
ratio  and  panmixis.  Refinement  of  the  relevant  theoretical  models  to  make 
them  more  appropriate  for  the  biology  of  M.  occidentalis  might  add  more 
sophistication  to  the  assessment  of  IValfucliid  infection  dynamics  in  this 
system.  However,  when  sex  ratio  was  used  as  the  measure  of  relative  fitness. 
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the  models  appeared  to  support  the  empirical  evidence  obtained.  That  the 
models  did  substantially  predict  the  eventual  outcome  ot  this  expetimeni 
supports  the  hypothesis  that  sex  ratio  is  an  appropriate  measure  o/  relative 
ntness  in  this  study.  Studies  focusing  on  mating  biases,  remating  potential, 
and  metapopulation  structure  in  laboratory  colonies,  and  experiments 
conducted  with  higher  initial  infection  frequencies,  may  provide  more 
insight  into  the  dynamics  of  Wolbacli/s  infection  in  laboratory  populations  of 
M.  oceidcntalis.  os  well  as  the  importance  of  sex  ratio  in  this  arthropod  host- 
symbiont  association. 
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Table  5-1.  Rale  of  Wolbadtia  $pread  In  laboratory  populations  of  M. 
occidentalita  over  12  generations  evaluated  by  test  crosses  conducted  at  weeks  3, 
6, 9,  and  12.  Males  from  infected  populations  were  crossed  with  20  test 
females  from  each  of  the  control  and  experimental  populations.  The  controls 
included  three  replicates  each  of  infected  <RT)  females,  heat-treated  (HT) 
(uninfected)  females,  and  heat-treated  females  subsequently  reared  at  room 
temperature  (H->R).  Three  replicate  Mixed  experimental  populations  were 
initiated  with  10%  infected  eggs  and  90%  uninfected  eggs. 


No.  gravid 
females 

/ no.  Mean  no./  female/  4 d. 

producing  Proportion 

Week  adult  Viable  Shriveled  Daughters  compatible 


Rep.  no.  dauRhIers  eggs  (s.d.)  eggs  (s.d.)  (s.d.) 


Cantrol  cresses-  RT  female  x R1 

6 12/12  9 

9 12/12  8 

12  18/18  10 

naie:  Slabi 
0 (4.5)  0 

5 (11)  0 

7 (1.8)  0 

8 (1.91  0 

ty  of  inftctioii 

7 (15)  4.7  (19)  0 

1 (05)  55  (1.4)  0 

2 (0.4)  55  (1.5)  1 

1 (0.2)  75  (1.7)  1 

77 

92 

)0 

2 3 18/17  8 

6 13/13  9 

9 12/12  9 

12  14/10  8 

9 (3.2)  0 

1 (14)  0 

6 (1.8)  0 

2 (4.9)  0 

7 (U)  5 

5 (2.4)  5 

(0)  5 

5 (0.91  5 

1 (25)  0 

1 (22)  1 

4 (1.4)  1 

1 (35)  0 

88 

00 

00 

63 

3 3 19/18  8 

6 17/17  10 

9 14/12  8 

12  13/11  11 

0 (3.1)  03  (0.1)  4 
2 (2.0)  0 (0)  6 
3 (2.9)  05  (0.6)  4 

9 (2.3)  0 

4 (1.9)  1 

5 (1.9)  0 

ZJLU 0 

89 

00 

86 

Cantrol  cresses*  H->R  fetnale  x RT  male;  Stability  of  curing  ^ 

1 3 13/2  1.2  (1.7)  3J  (IJ)  03  (0.9)  0.08 

6 20/0  0.3  (0.7)  3.6  (1.9)  0 (0)  0 

9 18/0  0.2  (0.4)  2.1  (22)  0 (0)  0 

12  20/4 1.6  (1.4)  3.1  (17)  02  (0.4)  0 

1 5 ^17/4  2.7  (2.6)  4.1  0 6)  0.6  (17)  0.11 

6 20/2  1.7  (2.2)  3.0  (2.2)  02  (05)  0 

9 18/2  0.8  (1,2)  1.6  (15)  0.2  (0.7)  0.06 

12  16/3 15  (1.6)  3.1  (25)  0.4  (1.0)  0.06 

1 3 1672  f0(l.3)  2.7  (1.9)  0.1  (0.3)  0 

6 17/2  05  (0.8)  12  (25)  0.1  (05)  0 

9 17/1  0.6  (0.8)  12  (1.8)  0.1  (0.2)  0 

12  17/1  1.6(2.4)  25  (27)  0.4  (1.8)  0.06 


No.  gravid 
females 

producing 
Week  adult 
Rep.  no.  daughters 


Mean  no./  female/  4d. 

Viable  Shriveled  Daughters 

eggs  is.d.)  eats  (s.d.)  (s.d.) 


Proportiort 

compatible 


Canfref  cresses-  HT female  x RT  male:  Stability  ofcurmg  * 

1 3 20/4  1.1  (1.3)  4.2  (l3)  03  (0.7)  0 

6 20/C  03  (0.7)  2.9  (U)  0 (0)  0 

9 18/2  1.2  (2.4)  1.6  (1.9)  0.4  (1.4)  0.06 

12  17/2 0.9  (1.4)  1.4  (1.2)  02  (03)  0.06 

1 3 1571  0.9  (1.4)  4.2  (2.5)  01  (0.3)  0 

6 17/1  0.9  (2-0)  1.9  (2.1)  03  (13)  0.06 

9 17/2  06  (0.9)  2.6  (1.9)  0.1  (03)  0 

12  15/3 1.7  (2.5)  23  (2.2)  0.7  (1.6)  0.13 

3 3 17/1  0.9  (0.8)  2.7  (1.9)  0.1  (03)  0 

6 18/1  1.1  (1.3)  2.5  (2.1)  0.1  (03)  0 

9 17/4  1.0  (1.2)  13  (13)  03  (0.4)  0 

12  11/3 1.9  (2.7)  1.7  (1.8)  0.8  (2.1)  0.09 


Experimental  crosses'  Mixed  female  x RT  male:  Owners  in  infection  frequency  ' 
1 3 16/3  1.6  (26)  2.5  (1.8)  OJ  (1.9)  0.06 


6 18/0  0.1  (03)  33  (2.6)  0 (0)  0 

9 18/4  1.6  (23)  2.8  (2.6)  0.7  (13)  0.17 

12  17/5  17  (3.6)  23  (2.1)  13  (23)  0.24 


2 3 15/6 

6 16/0 

9 16/1 

12  19/2 

3.6  (43) 
0.1  (03) 
0.9  (2.2) 
1.4  (291 

1.9  a.7) 
2,7  (2.4) 
0.9  (U) 

J-liL-SL, 

19  (3.0) 
0 (0) 
0.4  (13) 

033 

0 

Q.06 

3 3 16/4 

2.9  (3.7) 

2.8  (2.5) 

0.8  (1.6) 

0.25 

11  (3.8) 

034 

9 17/4 

19  (2.9) 

1.2  (1.9) 

0,8  (1.9) 

0.16 

12  16/2 

1.0  (1.91 

2-1  (2-0) 

0.3  (1.01 

0.06 

i/  expect  high  proportions  ot  compatible  test  crosses  if  infection  is 

h/  expect  iow  proportions  of  compatible  test  crosses  if  curing  is  stable 
£/  expect  proportion  of  compatible  test  crosses  to  increase  from  week  3 
to  12  if  Woibachia  infection  is  spreading  through  the 
populations 


Figure  5-1.  Compatibility  did  not  increase  over  lime  in  the  mixed 
populations  initiated  with  10%  infected  and  90%  uninfected  individuals  over 
12  generations.  Circles  Indicate  means  of  3 replicate  populations;  bars 
indicate  standard  deviation. 


CHAPTER  6 
CONCLUSIONS 

The  study  of  Wolbachia  symbiosis  in  A1  occidenlalis  has  been  rewarding 
and  interesting,  even  considering  the  inherent  challenges  of  investigating  an 
intracellular  symbiont  in  a tiny  predatory  mite.  The  resuits  of  my  research 
have  advanced  the  basic  understanding  of  this  symbiosis.  However, 
considerable  worh  remains  before  the  symbiosis  is  well  understood,  with 
numerous  interesting  questions  remaining  to  be  addressed. 

When  this  research  began,  Wolbachia  was  suspected  to  be  responsible 
for  nonreciprocal  reproductive  incompatibilities  between  populations  of  M. 
occidentalism  This  symbiont  was  previously  described  from  insects,  but  not 
from  mites.  The  use  of  molecular  tools,  including  the  PCR  and  DNA 
sequencing,  allowed  me  to  identify  and  characteriae  this  symbiont  of  M. 
occidentatis  in  a way  which  was  not  possible  before  they  were  available. 

While  using  these  molecular  tools  to  study  the  Wolbachia  of  M. 
occidvnialis.  I discovered  that  the  prey  of  this  obligate  predator,  the  two- 
spotted  spider  mite  T.  wiicae,  was  also  infected.  I then  learned  that  research 
can  be  full  of  unexpected  hurdles;  for  example,  that  Wolbachia  DNA  from  the 
consumed  spider  mites  could  someKmes  be  detected  by  the  PCR  in 
uninfected  predatory  mites.  This  finding  turned  an  already  challenging 
molecular  study  into  an  even  greater  challenge.  I needed  to  find  a way  to 
methodologically  eliminate  the  amplification  of  spider  mite  DNA  when 
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istudyjng  the  predator's  Ws/trjro/itn.  This  roeant  potentially  risking  the  abiiity 
to  reiiably  ampiify  the  predator's  intnnsic  WolbacMa.  because  starvation  can 
reduce  symbiont  ievels,  and  amplification  from  the  minute  eggs  can  be 
problematic.  Besides  the  implications  For  my  own  research,  the  erroneous 
amplification  of  contaminating  DNA  from  gut  contents  should  be  a 
consideration  for  anyone  who  studies  Wolbacliin  in  predatory  arthropods. 

It  became  apparent  that  the  PCR  did  not  always  amplify  the  template 
DNA  present  in  a sample,  even  though  '‘Iheoretically"  it  could  amplify  even  a 
single  molecule.  Hemi-nested  PCR  and/or  pooling  of  DNA  samples  was 
often  necessary  to  get  a PCR  signal,  and  still  these  techniques  occasionally 
failed.  This  difficulty  of  detecting  minute  amounts  of  Wolbachia  in  single  liny 
predators  was  another  obstacle  that  needed  to  be  addressed  throughout  this 

In  retrospect,  more  techniques  should  have  been  attempted  to  improve 
the  sensitivity  of  the  PCR.  Lack  of  experience  led  me  to  assume  that  PCR 
amplification  was  straightforward  for  other  research  groups  studying 
Wolbachia,  and  that  the  techniques  used  in  my  own  lab  to  study  mite  DNA 
were  adequate  for  symbiont  DNA  from  the  miles.  1 have  realized  this  was  not 
the  case.  When  problems  arose,  these  assumptions  led  me  to  question  my 
technical  abilities,  rather  than  the  techniques  themselves.  If  I had  accepted 
earlier  that  the  study  of  Wo/bacAin  in  mites  was  inherently  difficult,  I might 
have  attempted  more  techniques.  For  example.  I might  have  tried  different 
extraction  techniques  such  as  a CTAB  protocol,  or  concentrated  more  efforts 
on  improving  the  STE  procedure  (O'Neill  tt  a!..  1992,  Chapter  2),  which 
initially  appeared  to  work  more  reliably  than  the  Chelex  method  (Chapter  2). 


bici^asii^g  the  number  of  PCR  cycles  eUcp  might  have  been  helpful,  as  has 
been  recently  recommended  for  reactions  with  low  template  concentrations 
(Rameckers  ct  ai.,  1997).  This  experience  taught  me  that  when  techniques  do 
not  work  well,  even  "established"  ones,  alternative  approaches  should  be 
explored. 

In  spite  of  these  problems,  interesting  data  resulted  from  this  research. 
For  one,  the  DNA  sequences  1 examined  from  the  16S  ribosomal  RNA  and  JlsZ 
genes  from  the  predator  and  prey  were  nearly  identical  to  each  other. 
Unexpectedly,  the  sequences  from  the  mite  Wolbachia  were  nearly  idenheal  to 
the  Wolbachia  from  insects,  including  the  type  species  Wotbachta  ptpienits  from 
the  mosquito  Cultx  pipims.  Whether  the  Woibodtia  from  the  mites  are  truly  this 
similar  to  each  other  and  to  the  symbionts  from  irtsects  remains  to  be 
answered.  The  genes  I used  were  loo  conserved  to  resolve  this  question. 

Information  on  sequence  variation  would  have  been  very  useful  in 
designing  specieS'Specific  primers,  so  I could  more  easily  eliminate  false 
positives  from  the  predator's  gut  contents.  The  possibility  that  this 
maternally-transmitted  symbiont  has  been  transferred  boriaonlaliy  between 
the  two  mite  species  also  remains  unanswered  because  of  the  lack  of  sequence 
variation.  Perhaps  a more  variable  portion  of  the  ftsZ  gene  should  have  been 
studied,  like  the  non-coding  region,  or  even  an  entirely  different  gene. 
Information  was  available  on  the  non-coding  region  of  the^sZ  gene  from  an 
A-group  WolbacMa  from  DrtaopMla  mtlamgasler  (Holden  el  al.,  1993). 

Designing  primers  for  that  region  which  would  be  Wslliacli/a-specific  and 
would  work  on  the  B-grnup  Woibacli/n  from  M.  occftfentalis  and  T.  urlicae 
would  have  been  time  consuming,  but  might  have  yielded  useful  information 
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on  Che  genetic  variation  between  Wotbaehin  sequences.  Genetic  information  on 
this  microorganism  has  been  scarce,  but  continual  advances  are  expected  due 
to  the  exponential  growth  of  Wolbachia  research  around  the  world  and  a new 
in  vitro  culturing  system  in  a mosquito  cell  line  (Werren,  1997). 

In  order  to  study  the  biological  effects  of  Wolbachia  infection,  it  is 
crucial  to  obtain  a population  without  the  symbionts  with  which  infected 
individuab  can  be  crossed  or  compared.  In  other  studies,  the  insects 
cooperate  by  consuming  ontibiotiC'laced  artihciol  diet,  honey,  or  water.  In 
view  of  the  difficulty  in  feeding  antibiotics  to  these  obligate  predators,  the 
ability  to  "cute"  these  mites  by  rearing  them  at  high  temperatures  was  an 
exciting  option.  This  allowed  me  to  determine  the  phenotype  of  Woltfachio- 
mduced  reproductive  incompatibilities  between  Infected  males  and 
uninfected  females.  Interestingly,  the  phenotype  was  a unique  combination 
of  reduced  progeny  production  (as  in  diplo-diploids)  and  a skewed  sex  ratio 
(as  in  haplo'diploids]  of  the  few,  resulting  progeny.  However,  one  nagging 
question  remains.  Are  correlations  between  the  presence  of  Wolbachia  and 
nonrecipiocal  incompatibilities  just  that?  Is  another,  heat-sensitive 
cytoplasmic  element  the  real  cause  of  the  incompatibilities?  The  evidence 
from  this  study,  and  studies  with  so  many  other  arthropods,  strongly  suggests 
it  b the  Wolbachia.  However,  until  a pure  sample  of  Wolbachia  can  be 
auccessfuUp  injected  into  uninfected  mites,  this  possibility  cannot  be  excluded. 
According  to  Koch's  postulates,  reinfection  of  the  suspected  microorganism 
is  a necessary  step  in  the  assignment  of  cause  and  effect. 

The  crossing  studies  yielded  another  interesting  and  unexpected  result. 
The  infected  control  crosses  tended  to  have  a male-biased  sex  ratio,  and  the 


uninfected  crosses  had  a female-biased  sex  ratio.  If  this  is  a general 
phenomenon  and  not  just  a sampling  error,  it  could  have  interesting  and 
important  implications  for  the  population  dynamics  of  this  agriculturally' 
important  mile  by  altering  its  intrinsic  rate  of  increase. 

The  “mfected"  control  crosses  occasionally  produced  some 
unexpected  incompatible  crosses.  The  efficiency  of  symbiom  Iransmission 
from  mother  to  progeny  appears  to  be  imperfect,  due  to  unknown  factors 
which  could  include  crowding  and  nutritional  stresses.  Imperfect 
transmission  or  other  reductions  of  symbiont  titer  might  conlribule  to 
unexpected  within-population  incompatibilities  if  some  females  do  not  have 
enough  Welbachiti  to  be  compatible  with  an  infected  male.  This  underscores 
■he  importance  of  reducing  colony  crowding  and  other  stresses  when  rearing 
large  numbers  of  infected  M.  ocddentoln  or  other  natural  enemies  In  biological 
control  programs.  Because  Wolbacliia  or  other  symbioses  have  the  potential  to 
affect  entomological  projects  in  positive  and  negative  ways,  1 believe  thal  Ihey 
should  be  an  important  consideration  when  addressing  the  biology  of  any 
arthropod.  Symbioses  transform  an  individual  into  a community,  complete 
with  a fascinating  complexity  of  interactions  we  are  only  beginning  to 
understand. 

The  results  of  the  Wolbadiia  infection  dynamics  studies  were  some  of 
the  most  surprising  and  important  findinp.  In  contrast  to  published 
theoretical  predictions  and  empirical  evidence  that  Wolbadnn  will  spread 
rapidly  through  polymorphic  populations,  this  did  not  occur  in  populations 
of  M.  occidmlalis.  There  may  be  several,  non-mutually  exclusive  reasons  why 
this  symbiont,  which  should  have  spread,  did  not.  Pe^aps  it  was  because  the 


initial  infection  frequency  of  10%  was  below  a threshold  which  would  allow 
the  hequency  to  increase  to  a stable  level.  It  would  have  been  interesting  to 
create  some  populations  with  a higher  initial  infection  frequency  than  10% 
and  compare  the  outcomes.  Another  possible  reason  why  Wolbachio  did  not 
rapidly  spread  through  the  populations  could  have  been  due  to  fitness  costs 
associated  with  infection,  like  reduced  female  sex  ratio  compared  to  cured 
mites.  Perhaps  the  females  will  mate  multiple  times  if  they  detect  they  are 
producing  shriveled  eggs.  This  would  increase  the  chances  of  uninfected 
females  producing  viable,  uninfected  offsprirrg.  This  could  then  reduce  the 
"spread"  of  infected  individuals  by  maintaining  the  presence  of  more 
uninfected  individuals  in  the  population.  Addressing  these  questions  would 
not  only  contribute  to  our  basic  knowledge  of  M.  ocddinlal'is  biology,  but 
might  have  implications  for  those  hoping  to  use  Wolbachia  as  a "drive 
mechanism". 

There  are  still  many  mysteries  concerning  the  symbiotic  relationship 
between  Wolbacbin  and  arthropod  hosts.  For  example,  recent  investigations 
indicate  Wolbaehiii  infection  is  responsible  for  protecting  a weevil  from  a 
parasiloid  (Hsiao,  1996).  This  phenomenon  could  have  widespread 
implications  for  the  way  scientists  match  pest  biotypes  with  natural  enemy 
biotypes  in  biological  control  programs.  Ecological  implications  of  this 
symbiosis  are  important  in  another  biological  control  setting.  There  are  plans 
to  infect  parasitoid  wasps  with  Wolbuchiii  so  that  they  only  produce 
daughters,  since  the  ovipositing  females  ate  the  "effective"  natural  enemies. 
While  the  relative  number  of  ovipositing  females  could  be  increased  this  way. 


lher«  could  be  serious  fitness  effects  due  to  infection,  or  detrimental 


consequences  from  the  loss  of  genetic  recombination  (Crow,  1988). 

I enjoyed  answering  some  of  the  questions  regarding  Woibachia 
symbiosis  m M.  xcidentttlis,  even  considering  the  challenges  inherent  in  this 
project.  There  are  many  interesting  questions  which  remain.  The  following 
are  three  which  would  be  most  interesting  to  answer.  First,  it  would  be 
interesting  to  use  a more  variable  Woibachia  gene  to  determine  the  differences 
between  the  symbionts  from  the  predator  and  prey,  and  between  mites  and 
insects.  Second,  a detailed  life  table  analysis  would  be  important  to  more 
accurately  determine  any  fltness  costs  of  Woibachia  infection.  Finally, 
investigating  the  females'  responses  to  laying  shriveled  eggs  after  mating  with 
incompatible,  infected  males  would  be  important  in  understanding  the 
dynamics  of  Woibachia  infection  in  polymorphic  populatiorts.  The  answers  to 
these  questions,  in  addition  to  those  already  answered  in  this  research,  will 
provide  a better  understanding  of  Woibachia  symbiosis  in  the  agriculturally- 
important  predatory  mite  Melaseiulus  occitknlalis  and  possibly  other  Woibachia 
symbioses  as  well.  The  inevitable  cascade  of  questions,  answers,  and  more 
questions  is  one  of  the  most  important  lessons  learned  during  this  project.  It 
is  one  of  the  most  frustrating,  and  well  as  one  of  the  most  exciting  aspects  of 


SEQUENCE  ALIGNMENT;  WOLBACHIA  16S  rDNA  FROM  C.  PIPIENS, 
M.  OCCIDENTALIS  (COS  EGG  AND  ADULT  RUSSIAN  SELECT), 
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